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ABSTBACT 

Becent improvements in rare earth magnets have made it 
possible to construct strong, lightweight, high horsepower 
EC motors. This has occasioned a reassessment of electrome- 
chanical actuators as alternatives to comparable pneumatic 
and hydraulic systems for use as flight control actuators 
for tactical missiles. A dynamic equivalent circuit model 
for the analysis of a small four pole brushless DC motor fed 
by a transistorized power conditioner utilizing high speed 
switching power transistors as final elements is presented. 
The influence of electronic commutation on instantaneous 
dynamic motor performance is particularly demonstrated and 
good correlation between computer simulation and typical 
experimentally obtained performance data is achieved. The 
model is implemented in CSMP language and features 
improvements in transistor and diode models as well as a 
more accurate air gap flux representation over previous 
work. Ball effect sensor rotor position feedback is simu- 
lated. Both constant and variable air gap flux is modeled, 
and the variable flux model treats the flux as a fundamental 
and one harmonic. 
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I. IN THODDCIIOH 



Electronically commutated brushless DC motors are 
increasingly becoming practical for numerous applications. 
The advantages of these motors over conventional brush-type 
EC motors are smaller size and lighter weight per horse- 
power. The increase in power over conventional DC motors is 
realized by the use of three phase circuitry commonly found 
in synchronous AC motors which results in additional motor 
cur rent- magnetic flui interaction not available with conven- 
tional DC motor designs. The elimination of the trush 
commutation and rotating armature allows operation at higher 
speed with higher currents and improves the thermal charac- 
teristics of the motor as heat generating windings will be 
contained in the stator which can be more efficiently 
cooled. 

In this thesis, an equivalent circuit motor-power condi- 
tioner modeling approach is used to predict the dynamic 
performance of a typical brushless DC motor for a fin 
control actuator assembly. The interaction of the power 
conditioner final drive elements with the stator currents is 
demonstrated in addition to the rotor magnetic flux - stator 
current interaction and interdependence. Numerical results 
of steady state operation are compared with experimentally 
obtained instantaneous voltages and currents in amplitude 
and in profile. After demonstration of steady state opera- 
tion of the model, start-up and reversal transients are 
predicted. 

The model developed in this thesis is part of a contin- 
uing program to develop a comprehensive simulation for a fin 
control actuating system which has been the subject of 
previous work [Eef. 1 and 2] and is subject to further 
development. 
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The ohject of this thesis is to extend previous work on 
brushless DC motors [Bef« 1 ] to include switching character- 
istics of power transistors and diodes in such a manner as 
to provide a coherent model of power conditioner final drive 
elements and a brushless DC motor. Additionally, the simu- 
lation provides steady state as well as instantaneous 
dynamic performance during start-up and sudden reversal of 
the motor. The lEK Continuous System Modeling Pregram 
(CSMP) was chosen primarily because of the inherent attri- 
butes of CSMP for modeling dynamic physical systems. 
Inasmuch as previous model development utilized this 
language, some continuity of development is maintained. 
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II. SYSTE H DESCBIPTION 



A. SYSTEH BLOCK DIAGEAB 

The simulation diagram for the model is depicted in 
Pigure 2.1 and demonstrates the interrelation between the 
magnetic flux model, the torgue coefficient, and the gener- 
ated tack emf voltage. The nonlinear nature of the gener- 
ated voltage and torgue is indicated by the multipliers in 
the diagram for angular speed times the magnetic flux, 
U (t) (P (t) , used in the back emf calculation and the motor 
current times the magnetic flux, I(t)il)(t), used in the 
generated torgue calculation. The three phase electrical 
simulation calculates three phase currents, which are multi- 
plied by the torgue coefficient and normalized flux model 
for each phase resulting in a torgue due to the current in 
each phase. The motor torgue is the sum of the three phase 
torgues, and the net torgue is the motor torgue less the 
load torgue. Motor ictation is then calculated by applying 
the net torgue to the rotor inertia and viscous friction. 
The integral of the rotor angular speed is calculated for 
angular position, which is fed to the flux and transistor 
logic models to ccrtrol the generation of conduction 
currents for each phase. The transistor model and magnetic 
flux model are discussed in Chapter Three and Chapter Four, 
respectively. 
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Figure 2. 1 Motor and Power Conditioner 
Simulation Diagram 






TABU I 

Typical Hotor Parameters 



Para mete r 

Stator resistance, Ea 

Stator Inductance, la 

Torque coefficient, Kt 

Reverse voltage 

coefficient, Kb 

Ector inertia, Jm 

Viscous friction 

coefficient, Em 



Value 


Units 


1.37 


Ohms 


0.0016 


Henrys 


15.9 


Oz-In/amp 


0. 112 


Volt-Sec/Rad 


0.001 


Oz- In/Sec 


0.022 


Oz-In-Sec/Ead 



L 



J 



B. MCTOI COHFIGDRATICB 

The motor simulated in this thesis is a three phase, 
four pole device typical of modern brushless DC motors as 
described in [Hef. 1]- Typical values for the motor parame- 
ters are contained in Table I. The listed values of resis- 
tance and inductance are as measured across two windings as 
the motor is only a three wire device as pictured in Figure 
2.2. It should be noted that the motor inertia is very low; 
a typical rotor diameter is of the order of one inch and 
results in a very small mechanical time constant. A tran- 
sverse cross sectional view of rotor and stator for a the 
model motor is shown in Figure 2.3, with the rotor in the 
zero (or 180) degree position. The magnetic rotor can be 
seen to have north and south poles separated by ninety 
degrees. This generates a flux distribution which alternates 
polarity every ninety mechanical degrees as depicted in 
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Figure 2.2 Hotor and Commatating Transistors 



Figure 4.4. Since tie phase windings are separated ty siity 
mechanical degrees, the flux in each phase is seen to have a 
sixty degree phase shift with respect to the adjacent 
phases. The explanation of the shape of the model flux is 
discussed in Chapter Four. The electronic commutation must 
he performed in such a manner as to complete two electrical 
cycles fcr each mechanical rotation since the flux distritu- 
tion completes two cycles in one rotor rotation. The commu- 
tation of the armature (stator) current is accomplished 
every thirty degrees of rotor rotation because a new winding 
’’enters” the magnetic field with every thirty degrees of 
rotation simultaneously with another winding "leaving” the 
magnetic field. The sensor and switching logic for motor 
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Figure 2.3 Motor Stator and Winding Configuration 

rotation is tabulated in Table II, and indicates the sensor 
logic level (EPS), and connection of the phase terninals for 
both clockwise and counterclockwise direction for each 
thirty degrees of rotcr position. Note that regardless of 
direction of rotation, the rotor position logic remains 
constant for a given rotor position, and that rotcr posi- 
tions between 180 degrees and 360 degrees are indistingui- 
shable from rotor positions between zero and 180 decrees 
because of the rotor symmetry. 
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TABLE II 

Sensor and Switching Logic 



Counterclockwise Rotation 



ECTOR 


EPS 


RES 


EPS 


PHASE 


PHASE 


PHASE 


POSITION 


A 


E 


C 


A 


B 


C 


0 


0 


1 


0 


open 


neg 


pcs 


30 


1 


1 


0 


pos 


neg 


open 


6 0 


1 


0 


0 


pos 


open 


neg 


90 


1 


0 


1 


open 


pos 


neg 


120 


0 


0 


1 


neg 


pos 


open 


150 


0 


1 


1 


neg 


open 


pos 






Clockwise Rotation 






ROTOR 


EPS 


EES 


BPS 


PHASE 


PHASE 


PHASE 


POSITION 


A 


E 


C 


A 


B 


C 


0 


0 


1 


0 


open 


pos 


neg 


3 C 


1 


1 


0 


neg 


pos 


open 


6 0 


1 


0 


0 


neg 


open 


pos 


90 


1 


0 


1 


open 


neg 


pos 


120 


0 


0 


1 


pos 


neg 


open 


150 


0 


1 


1 


pos 


open 


neg 



C. HCTOB SYSTEM EQUATIONS 

Derivation of tfce basic motor system equations (equa- 
tions 2.1 through 2.8) was accomplished by Thomas in 
[Ref. 1 ] and they are repeated here for convenience. From 
Kirchoff’s voltage law, the stator voltage must be: 

Es (t) = Idl/dt + RI(t) + Eb(t) (2.1) 

where the back emf voltage can be described by: 

Eb (t) = (Km dl)Wm(t) = Kbffm(t) (2.2) 

or Et(t) = Kbd«m(t)/dt 
since dGm(t)/dt = Wm(t). 
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Bearranging Eguaticn 2. 1 for the highest derivative on the 
left side yields; 

dl/dt = (1/L) ES (t) -(E/L)I (t) - (1/L) KbWm (t) . (2.3) 

The mechanical torque balance equation is: 

Tm (t) = JdWm(t)/dt + BBm(t) ♦ Tl(t). (2.4) 

Eearranging yields: 

dWm(t)/dt = (VJ)TiD(tJ - (1/J)Tl(t) - (B/J) Hm (t) (2.5) 

The total viscous friction (B) and total load inertia (J) is 
represented as follows; 

B = Bm ♦ El (2.6) 

J = Jm ♦ J1 (2.7) 

where B1 = 31p/N and J1 = Jlp/N. Blp is the viscous 
friction associated with the load# Jlp is the load inertia 
and H is the gear reduction ratio. The link between the 
electrical and mechanical equations is the torque constant, 
which is derived from the magnetic flux: 

Tm (t) = Km(I)I{t) = Ktl (t) . (2.8) 

The basic equations have been enhanced in this model to 
take advantage of inherent sign conventions, particularly in 
direction of current flow. This in turn makes the commuta- 
tion procedure more apparent in the generated graphics. For 
example, the primary motor currents are depicted in Figure 
2.2, each having an assigned positive direction as 
pictured. The difference between TAB and ICA yields lA, IBC 
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minus lAE equals IB and ICA minus IBC equals IC. The current 
flow cannot always be positive as depicted, since the sum of 
the three phase currents must be identically zero by 
Kirchcff’s current law. Therefore, at least one of the 
currents lA, IB or IC must be negative at any given time, 
representing a flew of current returning to the power 
supply. From the current waveform it is immediately 
apparent which phase is connected to the negative supply and 
which is connected to the positive supply simply by 
observing the polarity of the current (see Figure 5.2). The 
concept of the positive and negative supply voltages is 
totally equivalent tc a single positive (or negative) supply 
as used in [Ref. 1] and since the drive currents are calcu- 
lated from the difference of two fictitious currents, a 
single supply will werJe in the simulation, but the split 
supply enhances the symmetry of the motor currents and volt- 
ages. This change allows for improved modeling and conceptu- 
alization of transient studies as discussed in the next 
section. 

B. HCIEI DEVELOPMEHT 

The basic simulation of the brushless DC motor by Thomas 
used a single positive or negative power supply and superim- 
posed armature leg currents to produce the measured motor 
performance. Motor drive was then realized by multiplying 
avera ged armature currents by a torque factor for the model 
under development. In the this model the supply is a split 
supply of equal voltages. Armature current is assigned a 
positive sign if it flows in the positive direction (i.e. 
into the motor) as shown in Figure 2.2 and a negative sign 
if it flows in the opposite direction (i.e. out of the 
motor) as discussed previously, A secondary result of the 
model of commutating transistors and split supply is that 
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motor reversal cannot be accomplished by reversing the 
polarity of the power supply as in £Se£. 1] but must instead 
be accomplished as in a typical power conditioner by proper 
reverse sequencing of the commutation, shown in Table II, 
and discussed in Chapter 5. 

Several models were produced whereby each model repre- 
sented a completion cf a particular aspect of the system 
such as motor air gap flux and power conditioner transistor 
switching characteristics. The early models were developed 
from simple ideas such as instantaneously switching, zero or 
infinite resistance transistor switches and constant air gap 
flux. Each model improved a particular area under develop- 
ment until it was thought to be a suitable representation of 
an actual motor or power conditioner feature. 

The first model incorporates a square wave of back emf 
(constant flux) and endeavors to demonstrate transistor 
commutation effects. The transistor switching is instanta- 
neous and is accomplished within the "commutation and Hall 
effect" procedure (see Appendix C) . 

The second model introduces changes in the transistor 
switching. While switching is still instantaneous, typical 
values of transistor saturation and cutoff resistance are 
introduced, and commutation is controlle d by the commutation 
procedure instead of being accomplished by that procedure. 
This feature leads to the next model which simulates the 
actual rise time and saturation delay of power transistor 
switching. This model is the basis for all subsequent simu- 
lations involving increased model complexities such as the 
sinusoidal flux model. 

The remaining simulations develop the voltage and 
current relationships between the motor and electronic 
commutator final drive transistors and incorporate sinu- 
soidal magnetic flux models consisting of a fundamental and 
fifth harmonic as described in Chapter Four. These program 
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listicgs are contained in Appendix B. The first of these 
models continues to simulate the transistors without the 
protecting diodes (which are shown in Figure 2.2) in order 
to demonstrate the inductive voltage transients produced by 
opening one of the stator winding circuits with a transistor 
switch. The next model adds the damper diodes to the power 
conditioner to fully simulate the power conditioner final 
drive elements. The final model takes all the complications 
of the proceeding ones and depicts the transient behavior of 
the system during reversal ("plugging”) of the rotating 
motor. The results of computer runs using this model are 
discussed in Chapter Five. No attempt has been made to 
reduce the order of the model in these simulations since the 
desire was to observe both the fast and slow time constant 
effects. The numerical integration of the differential equa- 
tions of such a "stiff” system to evaluate the steady state 
behavior can be somewhat time consuming. Transistor time 
constants are user adjustable as are saturation and cutoff 
parameters. The motor parameters used for the model devel- 
opment are typical for the brushless motors now available 
for this type of application, but are not representative of 
any particular motor. As such, all motor parameters are 
user adjustable to conform to any desired motor performance 
that would meet design objectives. 
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III. I lECTHOHIC C OMMUTATIO N 



A. TBBEE PHASE BRIDGE CIBCOITBI 

The three-phase, four pole brushless DC motor is 
depicted in Figure 2.2. The transistor and diode configura- 
tion is very similar in appearance to a three phase full 
Have bridge rectifier circuit and acts in a very similar 
fashion. The composite flux shown in Figure 4.6 is a demon- 
stration of this similarity. The composite flux actually 
corresponds to the peaks of the back emf voltage wavefcrm in 
Figure 4.5 as if it were xectified in a three phase full 
wave bridge rectifier. This figure was generated by taking 
the normalized flux model for the two conducting phases 
during each commutation interval, adding them together, 
multiplying by the torque coefficient and converting to 
webers (the torque coefficient has the same basic units of 
force-length/amp) . Actually, the diodes may be used as a 
full wave bridge rectifier for some applications (e.g. to 
recharge batteries) when the motor is driven by the lead 
torque and acts as a generator £Ref. 3]. 

Transistors Q1 through Q6 control the current switching 
in accordance with the timing diagram in Figure 3. 1, where a 
logical 'M*' corresponds to the transistor being in the 
conduction mode. This diagram was derived for counterclock- 
wise rotation (positive direction) as the current will be 
positive in each winding as the north pole of the rotor is 
positioned in its field (positive flux) and the current will 
be negative when the south pole of the rotor is positioned 
in its field (negative flux). A similar timing diagram can 
be made by considering the logic for clockwise rotation 
(negative direction) in Table II. 
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TRANSISTOR SWITCHING LOGIC 
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Figure 3- 1 Transistor Timing Diagram 
(Level 1 Represents "On") 
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E. SfITCHING TBANSISIOB DYHAMICS 



Behavior of transistors in the cutoff and saturation 
regions differs somewhat from the more typically understood 
small signal models. Some discussion of switching charac- 
teristics and the resulting model is in order. This discus- 
sion assumes a generic transistor and is equally correct for 
PNP and NO devices, as the discussion describes primarily 
base region effects. It might be necessary to keep in mind 
that electrons are majority carriers for n-type base regions 
and holes are majority carriers for p-type regions. This 
discussion of transistor behavior follows that found in 
£Bef. 4]. 

When a transistor is operating in the cutoff region, the 
emitter and collector are reverse biased, base region 
minority carrier concentration is practically zero at the 
junctions, and each junction is drawing some fraction of 
leakage current Ico. The majority carriers which are 
collected at the junctions are thermally generated in the 
base region, and a (small) minority carrier current will 
flow cut cf the base terminal to keep the base region 
neutral. The amount of minority carrier charge stored in 
the base region is negligibly small. 

To turn the transistor on, charge carriers must be 
injected at the emitter junction so that there will be a 
large charge gradient toward the collector. This means that 
there must be minority carriers stored in the base region 
and there must be a corresponding change in majority 
carriers to neutralize the stored charge. Thus current 
flows into the base region through the base terminal as the 
storage takes place. If the base current is suddenly 

increased, there will be a large charge distribution 
gradient near the emitter and a small gradient near the 
collector, the difference in slope being proportional to the 
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tase current. Eventually the charge distribution will 
become more uniform with a constant gradient of charge 
between the emitter and collector. This is the normal 
active transistor region. If the load line of the circuit 
is such that the transistor is allowed to pass through the 
active region and enter the saturation region, the collector 
current reaches a maximum value and cannot increase. The 
collector to base voltage is then very small, but the base 
current can be increased further so that the minority 
carrier distribution in the base region has essentially zero 
gradient from the emitter to collector. This creates a 
large excess of minority carriers at the collector junction 
which in turn causes the collector to be forward biased. 
This is a state in which there is more charge at the 
collector than the collector can collect. In this condi- 
tion, the collector to emitter voltage is smaller than 
either of the junction voltages. 

The amount of charge stored in the base region in this 
condition is very large. Additionally, since the collector 
junction is forward biased, excess minority carriers will 
cross the junction from the base region and, if the minority 
carrier lifetime is sufficiently long, be stored in the 
collector region as well as in the base region. This stored 
minority-carrier charge has a deleterious effect on the 
turn-cff time of the transistor. In order to turn off the 
transistor, the minority carrier density at the collector 
junction must be reduced to zero for the collector voltage 
to start to recover. When turn-off begins, the charge 
gradient is smaller at the emitter than at the collector, 
resulting in current flow into the base lead and minority 
carriers disappearing from the base region. 

The collector current remains unchanged until the 
storage period is over and collector voltage remains small. 
As the transistor enters the active region, the remaining 
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charge is swept out of the collector and emitter. Ihe 
minority carrier density at the collector is again small, 
and the charge gradient is decreasing rapidly. As seen as 
minority carrier density reaches zero at the emitter, it may 
also teceme reverse biased. This turn-off process is one of 
the important limitations on the switching response of 
transistors. 

The turn-on time for a simple switch is approximated by 
the following eguatiers: [Ref. 4] 
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(3.5) 

(3.6) 



and is the -3dB alpha cutoff frequency. 

The effects of overdrive and reverse drive on transistor 
switching performance are demonstrated in Figure 3.2. If 
not overdriven, it takes approximately three time constants 
(Tcc or Tee) to reach saturation. A significant improvement 
in rise time is realizeable by the use of base overdrive. 
If a transistor is overdriven, its effective gain is 
decreased, but this has the effect of slightly reducing the 
time constant while, more significantly, attempting to drive 
the transistor to higher steady state current — resulting in 
a greater initial slope. The combination of the two effects 
results in rise times on the order of .7 time constants to 
reach saturation. 
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The turn-off time for a simple switch is characterized 
by the following equations: £Bef. 4] 
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lQ,off is the base drive current immediately following turn- 
off initiation. An inspection of equations 3.7 and 3.8 
reveals that the turn-off time is affected by twc mecha- 
nisms, cne of base drive current and one of collector or 
emitter current initial condition. Reducing the initial 
condition of collector or emitter current or increasing the 
base drive current results in a proportional decrease in 
turn-off time. 

One of the difficulties of overdrive is storage time 
which is a function of the excess base current. Storage 
time for a simple switch is described by equations 3.S and 
3. 10: 



CC 



CE 



T - T 1 -Ib~ 
= Ts -- T,. u 



where l^o = 



OJpc COo 



0)^1 ~ 0 ( f ^) 



(3.9) 
(3.10) 
(3. 11) 



and cXfj corresponds to with collector and emitter termi- 
nals reversed, and is the -3dB alpha cutoff frequency 

with collector and emitter terminals reversed. [Ref. 4 and 
5]- 

It is most desirable to minimize the storage time and 
this can be accomplished by overdriving during turn-on, 
reducing the base drive to hold the transistor near 
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saturation and finally drive it off quickly using reverse 
drive. This can he accomplished neatly and simply by 
bypassing the base resistor with a suitably sized capacitor 
as discussed in [fief. 6 :p. 784]. 



C. HCDEl OF SHITCHIBG TfiAKSISTOfi DYNIHICS 

The preceding discussion leads into the modeling of the 
transistor switches as dynamic elements. The most desirable 
transistor model would be of low order and not add signifi- 
cantly to the program complexity since the motor dynamics 
are the prime concern. 

The initial models were developed with the transistor 
switches acting instantaneously between cutoff resistance 
and saturation resistance. This was satisfactory as long as 
the transients generated remained small. Using the variable 
step size integration routines available with CSMP, it was 
found that the rapid switching drove the integration step 
size minutely small ard computer time for the simulation to 
reach steady state became excessively long. Based upon the 
discussion given in the preceeding section on transistor 
switching, an exponential rise and fall was developed, and 
both overdrive and reverse drive simulated by clipping the 
exponential rise and decay within limits of the saturation 
resistance and cutoff resistance. This not only provided a 
good simulation of tie transistor switching with user vari- 
able parameters, but also eased the computer time problem 
somewhat. The resulting switching characteristics are shown 
in Figure 3.3, (with exaggerated time constants for clarity) 
and compare favorably with those shown in Figure 3.2 (a) and 
(b) . Figure 2.2 suggests that the transistors are bipolar 
NPN devices. This was done for pictorial reference only. 



26 



Resultant turn-oft trans»ent 




liore. 



The iinprovnnciit in lunujfr limo whicii is po>'il>K' by rrvrr-^r drwv is 





; 



4 







1 

1 ( 6 ) 





t 



Figure 3.2 Switching Characteristics, (a) Overdrive only, 
(b) Overdrive and Reverse Drive. 
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TABLE III 

Soae Povez Transistor Specifications 



Device 


Ic (Max) 
Amps 


E (sat) 
Ohms 


ts 

s 


Diss 

Watts 


Vbr (sus) 
Volts 


HTM45N15 

(fiCS) 


45* 


.06% 




250 


150 


MTM40N18 

(MOS) 


40* 


.08% 




250 


180 


HJ16016 

(Bipolar) 


20 




2,2 


250 


450 


MJ15011 

(Bipolar) 


10 






200 


250 


2N3430 

(Bipolar) 


5 


.2 


4.0 


150 


100 


2H2777 

(Bipolar) 


30 


,06 


1 4*^ 


200 


150 


2N6250 

(Bipolar) 


15 




3,5 


175 


275 


2S6339 

(Bipolar) 


25 




1.0 


200 


120 


2N1820 

(Bipolar) 


15 


. 1 


25** 


250 


250 


STC223 1 
(Bipolar) 


30 


.08 


6# 


200 


200 


♦ ID 

JE (on) 


**ts+tf 

#td+tr 











Ihese switcliing transistors may he a pair of complementary 
symmetry Class B amplifier output devices to take advantage 
of emitter-follower characteristics or might be MOS devices 
to realize high transistor power efficiency. The model as 
presented is accurate for bipolar transistor dynamics tut 
because switching time constant and on and off resistance 
are the cnly parameters for the model, it should be exten- 
dable to include MOS devices as well. The parameters used 
for the Simula ticn program were a switching time constant of 
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1.5 microseconds and a saturation resistance of .05 ohms. 
These values were, chosen as more or less ideal values, the 
combination of which would probably not be realized in any 
one device. In Table III some transistor specif ications are 
listed for devices which might be desirable to use for this 
motor controller application. The fast switching times for 
the bipolar transistors are their salient feature, while the 
low ”on" resistance of the MOS devices makes them desirable. 



TRANSISTOR SATURATION MODEL 




Figure 3.3 Transistor Model Saturation Characteristics 

The model developed to this stage has ignored the effect 
of peak reverse voltage across the transistors that occurs 
at the moment of ccnmutation due to the opening of the 
inductive circuit. To provide the required protection. 
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damper diodes are used to clamp the spike voltage tc the 
positive or negative supply. The diodes not only provide 
overvoltage protection for the transistors, but must handle 
nearly the full value of steady state current for a hrief 
period of time as well. The effect of the diode clamping 
can he seen immediately by comparing the figures depicting 
motor current with and without the diodes in the simulation. 

(See Figures 5.1 and 5. 2) Note that the current dip is mark- 
edly reduced when the diode is in the circuit. The diodes 
provide a commutation of the transistor current and mairtain 
current flow in the motor during the switching of the drive 
current between two phases. Additional information 
concerning diode commutation was found in [Eef. 9 :p. 371] 
concerning the so-called ’’Jones” commutation circuit for a 
DC motor controller. 

The diode model is very simple and features instanta- 
neous switching between saturation and cutoff resistance 
identical in value to that of the transistors. This 
approach did not add any appreciable complexity to the inte- 
gration problem because the diodes pick up the current as 
the transistor turns off, smoothing out the transient 
current instead of generating another current transient. 
The switch of the current to the diode is triggered by the 
voltage spike caused by the transistor turning off, similar 
to what would be expected in the actual circuit. The lack of 
a diode voltage drop before the knee of the diode conduction 
curve is the only addition that might be made to the model, 
but was deemed unnecessary as the voltage drop across the 
diode at full motor current would still be less than one 
volt and of the same order of magnitude. 
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IV. M AGNETIC FIOI MODE L 



A. SIMMETBIC FIFTH BABflONIC FIOX 

Thomas £Eef. 1] derived a combiaation fundamental and 
fifth harmonic reverse voltage waveform from empirical meas- 
urements. This model has been used in this thesis with 
modifications. The phase relationship of the fifth harmcnic 
to the fundamental has been altered to provide the same 
shape voltage waveform across two windings instead of across 
only one. This agrees with the empirical data and also gives 
rise to a new magnetic flux model, the shape of which agrees 
in form with traditicral DC machines [Bef. 8]. The general 
shape of the flux-density distribution of a DC motor is 
shown in Figure U. 1. 
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Figure M. 1 Flux Density Distribution due to Botor Field 



Ihe dit in the center of the flux-density distrituticr. can 
test te explained by considering Figures 4.2 and 4.3 which 
are flux maps of the magnetic field due to the rotcr magnets 
and stater current respectively and confirm the distribution 
shown in Figure 4. 1 for either stator or rotor considered. 
In Figure 4.2 and Figure 4.3, separation of flux lines indi- 
cates degree of field strength, with greater separation 
indicating less field strength. 
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Figure 4.2 Flux Sap with only Rotor Field Considered 
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Figure 4.3 Flux Bap with only Stator Field Considered 
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The model flax-density distribution is depicted in 
Figure 4.4 showing the phase relationship between the three 
windings. In Figure 4.5 the phase 'A* flux is shown alcng 
with the resulting generated voltage between terminals *A' 
and ’B*. The dotted lines in each figure represent the 
commutation periods during which each winding is connected 
to the positive supply, the negative supply, or effectively 
disconnected from supply by the switching power transistors. 
The ccmmutation effects shown by the dotted lines in these 
figures represent motor currents for counterclockwise (posi- 
tive) rotation as the product of the flux and the motor 
current is seen to always be positive. Since the motor 
torque is derived from the product of the magnetic flux 
density distributions and the current flowing in each phase 
winding, this results in a positive motor torque and rota- 
tion in the positive direction. The composite flux density 
distrituticn for the rotating motor is displayed in Figure 
4.6, and is used to derive the normalizing constant for the 
flux density by maintaining the average value for the torque 
coefficient at the constant value for the simple models. 
This composite flux density distribution is seen to have an 
average value equal to the torque constant of the simple 
models, when the conversion from webers to inch-ounces per 
amp is applied: 

(in-cz/amp) x (.0C707) = webers (h.1) 

This figure also provides a quick check on the back emf 
constant since the numerical value of both constants must be 
identical in HKS units. 

Tc demonstrate clockwise rotation, the flux model 
remains fixed with respect to the shaft position, but the 
sign cf the currents must be reversed. This amounts to 
reversing the polarity of the commutation scheme for a 
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FLUX. WEBERS 

0.0 0 . 1 - 0.1 0.0 0 . 1 - 0.1 0.0 



MAGNETIC FLUX MODEL 

PHASE A FLUX 




Figure 4.4 Model Flux — Phase Relationship 
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MAGNETIC FLUX MODEL 

FLUX FOR SINGLE WINDING 
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Figure 4.5 Bodel Flux and Back EMF Voltage 
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MAGNETIC FLUX MODEL 

COMPOSITE FLUX VARIATION 




Figure i|.6 Model Composite Flux 

counterclockwise rotating motor. As can be seen from Table 
II this is the same sequence of commutation as for courter- 
clockwise rotation advanced by ninety degrees, which should 
be expected from the rotor geometry since the south pole of 
the rotor is displaced ninety degrees from the north pole of 
the rctor. 

E. FIFTH HARMONIC FI02 HITH DEIVE CURRENT INTERACTION 

The interaction of the two magnetic fields, one due to 
the rotor magnets and the other due to the stator current 
causes distortion of the air gap flux and hence the 
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generated voltage wavefora. Eeference eight indicates that 
such an interaction is expected, but as to what degree the 
flux density distribution and the reverse voltage wavefcrm 
would be distorted is unknown. The expected effect of the 
two magnetic fields interacting is to skew the symmetrical 
distribution as is shown in Figure 4.7 It' is realized that 
the profile of the flux model of Figure 4.5 and the total 
flux density distribution as shown in Figure 4.7 do not 
agree, however the flux model shows a high degree of corre- 
lation to empirically measured experimental test data for 
this type of motor [Bef. 11]. 





Figure 4.7 Flux Density Distribution 
Demonstrating Interaction. 

The skewed shape of the resultant flux-density distribu- 
tion due to stator current interaction can be simulated by 
slipping the phase relationship of the fifth harmonic with 
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respect to the fundamental. If the phase shift is simply a 
constant, then two windings will produce essentially the 
same shape of back IMF voltage as the previous model, tut 
combination with the other winding will not be similar or 
symmetric. Since current, as modeled, essentially flows in 
two windings at a time, the distortion must be a function of 
the current and the third winding flux must remain undis- 
torted as long as that winding has no current flowing. 
This thinking led to the model for interactive flux depicted 
in Figure 4.8. The phase relationship between fundamental 
and harmonic is identical to the non-interactive model if 
the drive current is zero. In the presence of drive 
current, the fifth harmonic is shifted smoothly and continu- 
ously until at maximum current, the phase shift is thirty 
electrical degrees. Even with this visible warping cf the 
flux, the back emf voltage waveform is recognizeable as a 
fundamental and a fifth harmonic, and this effect might be 
smaller than depicted, and of little consequence to the 
motor designer. Additionally, no model of magnetic satura- 
tion has been implemented, which would have the effect of 
flattening the flux peaks and giving a more constant maximum 
flux and hence torgue, resulting in smoother motoring. Such 
effects are expected in an actual motor, but at what value 
of current the saturation should begin will have tc be 
determined by measurement of a particular motor. 
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Figure 4.8 Model Flux and Back EMF Voltage 
Demonstrating Drive Current Interaction 
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1 . HOPEI PIBPOBMAHCE 



The performance cf the first three models is net inter- 
esting to the motor designer as the simplifications involved 
in these simulations reduce the resulting behavior to text- 
book DC motor dynamics. As a development tool for other 
simulations, the structure may be of some interest. These 
simulations are included in Appendix C for this reason. The 
transistor switching of the fourth and all subsequent models 
is of interest in that the transistor impedance affects the 
(L/R) time constants of the motor current and is an impor- 
tant feature in understanding the behavior of the simula- 
tions. Because of the varying time constants, decay of 
current in one phase and buildup of current in another phase 
at commutation is net compensatory. The current decays 
faster in the turn-off winding than the corresponding 
buildup in the turn-cn winding, while the current in the 
third winding is ostensibly constant. The third winding 
current cannot be constant because all three currents must 
sum tc identically zero. The result is the sharp dip in the 
center of the current waveform of the unswitched winding. 
Excellent correlation of this effect is seen in the experi- 
mental data as shown in Figure (12) of [Ref. 10] and 
[Ref. 11 ]. In simulations which include a diode model, the 
dynamic equations that determine the (L/B) time constant are 
expanded to include the diode model. The inclusion cf the 
diode impedance in the dynamic time constant results in a 
’’bracing up” of the current waveform of the unswitched 
winding yeilding a higher average motor current. This can be 
observed by comparing Figures 5,1 and 5.2. Models with 
simulated diodes demonstrate somewhat more torque and speed 
with slightly less speed ripple than those without diodes. 
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The final versions, in which the transistor and diode 
models and sinusoidal back emf voltage are incorporated are 
used to characterize an actual motor and power conditioner, 
Ihe performance curves provided by Thomas [Ref. 1] were used 
for comparison. As a result, all simulations presented here 
used a net supply voltage of thirty volts, or plus and minus 
fifteen volts applied to the transistors. As stated earlier 
the object of this thesis was to provide a tool to evaluate 
motor and switching transistor performance for various 
design parameter values and operating conditions. Some 
deviation from these performance curves was anticipated, hut 
overall characteristics of the torque, current, and power vs 
speed curves remain of the same form. 

At the time of this writing, provisions are being made 
to gather mere comprehensive test data from a typical metor. 
It is well understood that only a limited number of the 
model waveforms may be confirmed by measurement. The brush- 
less DC motor is a three wire device, and the voltage across 
any twe windings may he conveniently measured. The simula- 
tion, however, calculates and graphs not only the voltage 
across each pair of windings but in addition, the voltage 
across each single winding. The individual currents lA, IB, 
and IC may also be measured with, for example, an inductive 
coupler or by measuring the voltage drop across a resistor. 
These measured curves can be readily compared with model 
results and model parameters adjusted to bring about gcod 
agreement. 
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Figure 5-1 Motor Current without Diode Commutation 



PIIASI-: B MOTOR CURRENT, HACK EMF C-U 
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Figure 5. 2 Motor Current with Diode Ccnnsutation 



Motor reversal at speed can be simulated under varying 
load conditions. In the simulation the load torque opposes 
motor rotation, and so helps the motor to slow to a stop, 
then opposes the reversal. If a viscous load was simulated 
(as in driving a dynamometer) , slowing to a stop would take 
longer because the load would decrease with speed, and the 
rise to steady state in the reverse direction would be 
quicker due to the reduced load at low speed. In general, 
this type of reversal is characterized by large transient 
motor currents since the back emf voltage is initially of 
polarity that aids current flow instead of inhibiting it. 
The reverse torque generated by this current will quickly 
slow the motor to a stop where there is no back emf gener- 
ated, and as the rotation reverses the generated voltage 
changes polarity and once again opposes current flow. The 
reversal effects can be seen in the current waveforms of 
Figures 5.3, 5.4, 5.5 and 5-6 which depict motor reversal 
(from counterclockwise rotation to clockwise rotation) at 
time = . C2 seconds. 
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IMIASK A MOTOR CURRENT 
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Figure 5.3 Phase A Current showing Reversing Transient 
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Figure £.H Phase B Current shoving Reversing Transient 
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Figure 5.5 Phase C Current showing Beversing Transient 
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Figure 5.6 Motor Speed during Beversal 



MOTOR TORQUE 
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Figure 5.7 Motor Torgue duriug Beversal 



Id these figures, a demand for reversal is initiated at 
.02 seconds. Since tie rotational inertia of the rotor keeps 
it rotating in the positive direction for a short time after 
reverse current begins to flow, a commutation point is 
reached and the reversal current is switched between phases 
A and C. As the rotor stops and the motor reverses under the 
influence of negative torque, the commutation point is again 
reached hut from the opposite direction and the current is 
switched from phase C to A. There is a large current tran- 
sient in the figure at this point which is also seen in 
Figure 5.7 as a transient positive torque, probably due to a 
combination of the instantanecus nature of the diode model 
and the transistor time constants. The reality of such a 
current and torque spike is questionable, but if the dynamic 
nature of the transistors and diodes used in the power 
conditioner are not similar, such undesirable transients may 
be generated, even to the point of punch through of a junc- 
tion. The effect of the torque spike is seen in Figure 5.6 
as a slight interruption of the otherwise smooth transition 
between forward rotation and reverse rotation. 

The simulation can be a powerful analytic and design 
tool. For example, the addition of damper diodes was seen 
to maintain current flow during transistor switching (demon- 
strated in Figures 5.1 and 5.2) which has the effect of 
maintaining a higher average torque with diodes than withcut 
as has been previously discussed. It follows that the 
faster the diodes operate, the better the motor performance 
which can be realized in this context. 

The availability of the center of the three windings for 
use as a ground terminal may prove to be advantageous in 
some applications. The current return path to the power 
supply provided by the center connection would not he opened 
by the switching transistors, and the current flow would not 
be interrupted in the unswitched winding during commutation. 
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resulting in smoother rotation. The design tradeoff to this 
would be that only half of the supply voltage would be 
available across any one winding with the center grounded. 
If the center terminal is left to float, the voltage across 
two windings is the full supply voltage, but the voltage 
applied across a single winding and the current through that 
windirg is a functicn of the back emf voltage generated in 
both windings. Since the back emf voltage is varying sinu- 
soidally in each windirg and one winding is 120 electrical 
degrees cut of phase with respect to each of the other two 
windings, a larger proportion of the supply voltage may be 
applied to one of the conducting coils than the other. The 
current through the cne coil, being equal to the sum of the 
currents in the other two coils, is at a higher value when 
the air gap flux is greatest than if the center connection 
were grounded, and will provide more motor torque. The 
trajectory of the center connection is shown in Figure 5.8 
and can be compared tc the single phase flux characteristic 
in Figure 4.4 and the composite flux variation in Figure 4.6 
to see that the vcltage aids the current flow in each 
winding as it comes under the peak of the magnetic flux, as 
the voltage at the center connection is negative at during 
the positive flux peaks, and positive during the negative 
flux peaks, aiding current flow when compared to a grounded 
center terminal. The relative scale on the ordinate of this 
figure indicates that the effect is proportional tc motor 
speed. 

The fluctuation of motor speed demonstrated ty this 
model has been of the order of ten percent of peak motor 
speed, somewhat more than in Thomas* simulations [Bef. 1]. 
This can be attributed to the combination of the transistor 
switching time constants, the current rise time constant 
(L/R) and extremely small rotor inertia. If the load 
inertia was of the order of magnitude of the rotor inertia. 






CENTER POINT TRAJECTORY 

o 




Figure 5.8 Irajectory of Center Connection 

the variation in speed would te reduced to the order of five 
percent due to the increased time constant, (J/E) . 
Additionally, the speed ripple decreases significantly if 
the applied voltage is increased with no increase in load. 
^Jith a load tongue of 64 inch ounces and a power supply 
voltage of sixty volts, speed ripple is hardly ncticeatie at 
the steady state speed of approximately 4800 rpm due to the 
increased angular momentum. 
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with minor changes to the program, different nagnetic 
flux shapes can be simulated and motor performance can be 
compared. For example, if the stator was designed with 
interpoles, the flux would take on a flatter shape across 
the top of the flux curve, which would in turn give 
different characteristics to the back emf voltage, which 
could be empirically measured. If the torgue coefficient of 
the motor was known, (it can be measured) the flux distribu- 
tion could be deduced as it has been for these simulations 
and the complete motcr performance curves predicted. Ihe 
simulations give a good representation of transient and 
steady state motor and transistor currents [Ref. 10], from 
which voltage and current stresses applied to the transistor 
junctions can be determined. The results of a simulation 
for a desired steady state load may be analyzed to size the 
transistors and diodes required for a specific application. 
Given the heat transfer characteristics of a motor and/or 
heat sink assembly, the thermal rise of the power condi- 
tioner and the motor stator may be predicted by implementing 
a simple heat transfer model. 

From the literature [Ref. 3] it was noted that when some 
thirty degrees of ccmmutation advance was used to obtain 
maximum performance from the motors being tested, an 
increase of 230T: over rated horsepower was realized for 
short periods. This simulation program has the capability 
of shifting the commutation angles to realize extended 
perf crmance. This is left for future development cf motor 
performance studies. 
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VI. COHC inSIOH MS H ECOMME HDA TIONS 



A. SDHUARI AND COBCLDSION 

The development ci a detailed transient model for simu- 
lation of the instantaneous performance of a small four pole 
trushless DC motor supplied by a transistorized power condi- 
tioner has been presented. This model was part of a compre- 
hensive development of a fin control actuating system model 
for the simulation of the dynamic performance of a cruise 
missile fin controller. 

The results of the numerical simulation of the instanta- 
neous meter and power conditioner voltages and currents 
demonstrated a great deal of correlation to reported experi- 
mental test data during steady state operation. The dynamic 
reversal of the model was performed. The corresponding 
dynamic currents predicted by the model were analyzed and 
large transients were demonstrated as would be expected in 
an actual motor. The conclusion that the model is a good 
representation of an actual motor and power conditioner 
drive transistors is supported by all currently available 
motor data and analytical extensions thereof. 

B. RECCHeENDATIOHS 

This model will be further improved by the addition of 
delay between the Hall sensors and the commutation algorithm 
to more realistically simulate the electronic logic of the 
power conditioner, A routine for the calculation cf tran- 
sistor and diode power dissipation and possibly motor stator 
heating will be included. This will allow maximum perform- 
ance to be extracted from the motor and power conditioner 
for short periods of time without excessive heating. 
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Additional work cn the dynamic magnetic flux profile, 
particularly in the area of magnetic saturation of the 
stator iron needs tc be investigated and implemented to 
accurately simulate high power operation. 
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APPENDIX A 



SPACE DEPENDENT FLUX MODEI 



Because of the length and complexity of the CSMP mcdel, 
a simpler model was designed using Digital Simulation 
Language (DSL) . The advantages to DSL include complete 
compatibility with CSMF and a more or less interactive 
running capability which the NFS installation of CSMF lacks. 
If the complete model had been written in DSL, the advantage 
of quick turnaround of the simulation would have been lest 
due to the running time of the program. The NFS version of 
DSL dees not have the STIFF integration routine used with 
CSMP and the Runge-Kutta integration routine in both 
languages had some computation problems with the fast time 
constants of the power transistors. The routines contained 
in this appendix were developed using [Ref. 14 and 15]. 



TITLE THESIS PROJECT 

TITLE BBCSHLESS DC MCICR POWER CONDITIONER 

STORAG Z1 (500) ,Z2 (5 00) ,Z3 (500) ,Z4 (5 00) , Z5 (500) , Z6 (5 00) 

INITIAL 

CONST PI = 3.14159, 7IF=15., VIB = -15. 

:Qe:Qe:^:4c :Qc :4c :(c :4c :Qc :«c ♦♦ ^c :4c :Qe :«e :(e :Qc :(e :(c :(c :4c*i4c 



EYNAHIC 

♦ *35t3«e54e*^4t3fr:9c:ec:4c:5e:4c:jc:4c :4c:4e :4c :4c 4 :4c :^:4c^4c* :4c:4c^c:4c:4c*:5c***^:4c 



45 

46 



50 



THETA = 
THETAD = 
EEMFA =( 
1+. 59*SIN 
EEMFB ={ 
1+. 59*SIN 
BEKFC ={ 
1+.59*SIN 
AEEIEF= 
BCDIFF= 
CADIFF= 
IF (THETA 
THCON = 
GO TO 46 
THCON = 
CCKTINUS 
IF (THCON 
IF (THCON 
IF (THCON 
IF (THCON 
IF (THCON 
IF (THCON 
SWl = 0. 
SW2 = 0. 
SW3 = 0. 



RAMP (0.0) 

THETA=»18D./PI 
3.*SIN (2.+THSTA+ (11+PI/6) ) 
10.*THETA+(1*PI/6) • ■ 

HF“- 



(10.*THETA+(1*PI/6) )) 

3. *SIN (2. +THETA+ (7*PI/8) ) 
(10.*TEETA+ (5*PI/6) )) 

3. *SIN (2.*THETA+ (3*PI/6) ) 
(10. *THETA + V9*PI/6) ) ) 
BEMFA - EEMFB 
BSMFB - EEMFC 
BEMFC - BEMFA 
D .GE. 180.) GO TC 45 
THETAD 



THETAD- 180. 



GE. 

GE. 

GE. 

GE. 

GE. 

GE. 



0 . 

30. 
6C. 
90. 
1 20 . 
150. 



AND. 

AND. 

AND. 

AND. 

AND. 

AND. 



THCON 

THCON 

THCON 

THCON 

THCON 

THCON 



IT. 

LT. 

LT. 

LT. 

LT. 

LT. 



30, 

60. 

90. 

120 . 

150. 

180, 



GO TO 50 
GO TO 51 
GO TO 52 
GO TC 55 
GO TO 54 
GO TO 55 



56 



53 



SHil = 

SW5 = 

SM6 = 

BEHJT 
7N1 = 

VN2 = 

GO TO 

51 SW1 = 

SW2 = 

SW3 = 

SW^l = 

SW5 = 

SH6 = 

BEHri 
VN1 = 

VN2 = 

GO TO 

52 SW1 = 

SW2 = 

SW3 = 

STIiJ = 

SW5 = 

sue = 

BE MET 
VK1 = 

VH2 = 

GO TO 
SW1 = 

SU2 = 

SH3 = 

sua = 

SW5 = 

SW6 = 

BEHFT 
7N1 = 

7N2 = 

GO TO 
SW1 = 

SF2 = 

SF3 = 
sua = 

SW5 = 

sue = 

BE EFT 
7N1 = 

7N2 = 

GO TO 
55 SW1 = 

SW2 = 

SF3 = 

SH4 = 

SW5 = 

sue = 

BEEFT 
7N1 = 

7N2 = 

60 CCNTINOE 

lA = 4.* (SW1-SW2) 

IB = 4.* i SU3-SF4) 

IC = 4.* i'SW5-SK6) 

****♦*♦♦#*♦*♦* **♦♦♦**** 

SAHPIE 

♦ *** 4 ♦♦ + 4c4;4c:(c:(c:tc 

♦ GET TEE NUMBERS 

Z1 (I) = THETAD 
Z2 ll) = 3EMFA 
Z3 1 1)= BEMFB 
Z4(I)= BEHFC 
Z5 i ll = lA 
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1 . 

1 . 

0 . 

= BEMFC - BEMFB 
7IF - 7EMEC 
7IB + 7EBFB 
60 

1 . 

0 . 

0 . 

1 . 

0 , 

0 . 

= BEMFA - EEMFB 
7IF - 7EMFA 
7IB + 7EHFB 
60 

1 . 

0 . 

0 . 

0 . 

0 . 

1 . 

= BEMFA - BEMFC 
7IF - 7EMFA 
7IB + 7EMFC 
60 

0 . 

0 . 

1 . 

0 . 

0 . 

1 . 

= BEMFB - BEMFC 
7IF - 7EMFB 
7IB + 7EHFC 
60 

0 . 

1 . 

1 . 

0 , 

0 . 

0 . 

= BEMFB - BEMFA 
7IF - 7EMFB 
7IB + 7EHFA 
60 

0 . 

1 . 

0 . 

0 . 

1 . 

0 . 

= BEMFC - BEMFA 
71 F - 7EMFC 
7IB + 7EMFA 



57 



26 1 


(I) = 


IB 


27 1 


lj = 


IC 


28 1 




BEMFT 


we: 


:te i 


[30,20) 


WR] 


:te I 


'31 ' 20 ; 


we: 


:te . 


32,20' 


WR] 


[TE 


' 33 , 20 : 

’34'20) 


we: 


:te ' 


we: 


[TE I 




we: 


:te I 


we: 


[TE < 




20 FOBMAT 


1=1+1 

CONTEI FIHTIM=6.28, 



IND 

STOP 



21 (I) 

22 

23 

24 

25 

26 
27 . 
28(1 



EilT=.0 



, DELS=.01 
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DoOl 



Begin DISSFLA program; 
REAL Zl{629 
BEAL z7(629 
1=0 

1 1 = 1 + 

REAL (30,5,END=3) 
READ (31,5,END = 3; 
READ ('32,5, END=3* 
READ i'33, 5, END = 3 
'34,5,END = 3 
35,5,END = 3, 
'36,5j END=3‘i 
37,5*END = 3’ 



an 

f ,Z2 (629) ,Z3 (629) ,Z4 (629) ,Z5 (629) ,Z6 (6 29) 
) ,Z 6(629) ,Z9 (629) ,Z 10 (629) 



(629) 



READ 

READ 

READ 

READ 

READ 

READ 

READ 



FCEHAT (^26. 6 ) 



Z1 

Z2 

Z3 

Z4 

Z5 

Z6 

Z7 

Z8 



!?! 

I 

I 

I 

I 

I 

I 



CCNVERSICN 
Z2(I) 
23 ;i ' 
Z4 (I) 
Z5 I) 
Z6 ('I I 
Z7(ll 
GC TO 



FROM IN-CZ/AMP TO WEBERS; 



1 



Z2 

Z3 

Z4 

Z5 

Z6 

Z7 



I) *2.54*9.8/(100. 
I) *2.54*9.8/(100. 
I)*2.54*9. 8/(100, 
,I)/6C. 

:i) /6o. 

/60. 



*16. *2, 
*16. *2, 
*16. *2, 



2) *16 
2< *1^ 



,82/5. 1393 
*16.82/5. 1393 
*16. 82/5. 1393 



CCRTINDE 
CALL TEK618 
SHERPA 
PAGE (8 
NOBRDR 
PHYSOR(1. 
( 



CALL 

CAIL 

CALL 

CALL 

CALL 

CAIl 

CALL 

CALI 

CALL 

CAIL 

CAIL 

CALL 

CALL 

CALL 

CAIL 

CAIL 

CAIL 

CALL 

CALL 

CAIL 

CALL 

CALL 

CALL 

CALI 

CAIL 

CAIL 

CALL 

CAIL 

CALL 

CAIL 

CAIL 

CAIL 

CAIL 

CALL 

CALL 

CAIL 

CAIL 

CALL 

CAIL 

CAIL 

CALL 

SICE 

END 



(’ i1ACHILlA» , *A» ,3) 
.5,11.0) 



, 5.5) 

5.0,2. 



0) 



.11 



MAGNETIC FLDX MODELS 
ERASE A FLOX$» , 100, 1. 
(»'PHASE B FLUX$’,100) 

(• $’, 100 ) 






AREA2D 
COMPLX 
HEADIN 
HEADIN 
XNAME 
YNAME 
XINTAX 

GRAF (0.0, 30., 36 0., -0.10, * SCALE *,0 
CDRVE (Z1 ,22,629,0) 

DOT 

CURVE (Z1,Z5, 629,0) 

RESET (’ DOT') 

ENDGR (0) 

PHYSOR(1., 3.25) 

AREA2D ( 5. 0,2.0) 

COMPLX 

XNAME (’PHASE C FL0X$’ 

YNAME (’FLUX, WEBERSS’ 

XINTAX 

GRAF (0.0,30. ,360., 

CURVE (Zl,Z3,o29,0) 

DOT 
CDRVE 
RESET 
ENDGR (0) 

PHYSOR ( 1. 

AREA2D (5 
XINTAX 
XNAME 
YNAME 
GRAF 
CURVE 
DOT 



1.5,2) 



10 ) 



, 100 ) 

,100 



-0. 10, ’SCALE’ , 0.10) 



(Z 1,Z6,629, 0) 
(’DOT’) 



ro*,i.O) 



(’RCTATION ANGLE, DEGREESS’, 

’ 5'clOOl 

(0. 0,30. ,360. ,-0. 10, ’SCALE’ ,0 
(Z1,Z4,§29 ,6) 



100) 
. 10) 



CURVE (Z1 ,27,629,0) 
RESET (’DOT’) 

ENDPL (0) 



DONEPL 
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ALTHODGH THE CONTRIBUTIONS TO DEVELOPED TORQUE ARE 
TREATED AS SU PEI POSABLE. 
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FHCCIDURE SE1 - S E2 -SE3 - SW 1 , S H2 ,SW 3 , SW 4, S W 5, SW 6 =VOLT (THCCN) 
IF (THCON .GE.180.) GO TO 45 
GO 10 46 

45 THCON = THCON - 180. 

46 CCRTIHDE 



o^cNrocrto 
to irun to to to 

OOOOOO 

OOOOOO 

OOOOOO 



OOOOOO 

ro^O^CNtnoO 



bHHtHHfcHH 



? 25 aa?z :^?25 
OOOOOO 
UUUUUU 
XKU: 35 0333 



QOQOQQ 

I*?; (<(<<; K*; i< 



OOOOOO 

oovoo>cNin 



wwwwww 

OOOOOO 

• t t • f • »0 • • • • t t • t to t fO t • • • t • f • • 

r-o^OOo^^OvOt— oOf— 00^00»^t— f— Ot— OOOOt— v^Of— OOOt— OOf— 

5 ^ s i«s jz; 525 Js 

OOOOOO II II II II II II II II II O II II II II II II II II II O II II II II II II II II II O II II II II II II II II II 

UUCJUUU tH EH tH 

35 3:3:33 33{x:^cNf^^<Nm^Lnvo ^cNror-csjmcd-Lnvo »^cNf^^cNifn^tnvo t— (Mm,— 
fcH tH EH IH H tH MH w m yc pS pc P= pc 3 : U W W W sc 3= ^ ts 3C CS CJ W W W ;3C IS pc pc pc ;s O W W KM yc 3: ts 3 : 

— c /3 c/) cn cn 01 cn cn cn 01 o cn cn cn cn cn cn cn cn o cn cn cn cn cn CO cn cn cn o cn cn c /3 cm /3 cn ui cn 



pzH Pm Pm 0 ^ Pm 
mmmmhmo 
to 



IN 

U) 



n) 

If) 



64 



9MS 



GO 10 
54 SEl = 



o • 

voo 



• • f t • t t to • f t I » • t t topqr^ 

T- r- O r- r- O O O NX) O O f- O r- O O ^ O '«0 O « 

:s;n 

II II II II II II II II O II II II II II It II II II OMQ 
fcH HtHW 

(Nror-cNm^ytnvo T-cNn»“CNrncrmvD su 

n-l w 53 C p: { 3 : JX 3: PS U W W W 13 : 3: CS pB o U O 

cncncrjcocntnc/jcnot/)cocntncotncotnc/’)ci)u« 

04 

in o« 

in vo?2J 



CQ H 


U 

W 

s 

w 

> 

«k 

m 

w 


W» H 


w 


WOW 


w 


W 0 H 


> 


E-IWH <J 




00 w 


kU 


oicnsHH 


w 


*< H 


S 2 


UWHH 


w 


HHWC/IW 


> 


U*a;Hrt;W 




wua WO 


0 


WWO X 


w 


WWWCQW 


s 


WOM*^ 


w 


HH W 


• w 



Q«:rDQ«tn ^ 

:z^ fl|l-^=>WDQ 

•<;wsnQH^PM 
WOOWPQS 
S 3 E*<OUU<JW 
« OHCQ 

OW 2 ;;z;«« ^ 
tfci; 2 ;MOa 4 ‘«i;»c *3 
H H 

wsjWHcn s 

S«COUO»-1W 

cnH SHS ^ 
cqa 5 fr 4 > 0 » 
WQO WHO 
m CmCntfHU 
HO 

HWtC QH 
tn HHW(^---in 
cpqss 35 rt 3 EHVQ 
WWW fH H 
W:s;^ WOO 
WWOHWW>tH 

w WWHH II 

sQss: cNjo 



o^cNrorjin 



000000 

HHHEhEhH 

000000 

000000 



000000 

ro'^cnCNinoo 



hhhhhh 



S^:s;:s::z:s 

000000 

CJUOUOU 

ir: 3 qn 3 a: 3 n 3 W 

HHHEhHEh 



PQ 

. t • t • t tw 

O QQQQpQisn 
PWO WQWWO 00 ^232525 is; WW 

wcnowwH> 



CQ 

W 



I 



i4j^AtJ<l!f3;^PQOPQ 
WW 

I jtj*:: 

000000 
nvocncNincj>> 

r-T- w 

t t t t • fs: I I 

WWWWWWW 
OOOOOOPQWPQ 

MHO 

II >>00 II 

HtnHWWQ JZ5VO 

HOpHHWjz;W0viD2;»000000tH II II OH II II O 
OO'^XPQ WU OHUCJOOUOW HH H 
WH>0 QOfnOCJHWWWa: WWSr-(N s:r-(N 
p> p3Wi-iaHtHW«HHHHHHW»2:OW»P5U 

WWWA 4 > 0 W'-' ">"-^- 1 PQ>>OW >>0 

U:wn3Wrt;oUHO cjwwwwww 

tHPMH'<QWUUMO MMMMMMO r- 

w invo > > 

'W' * W vovo 



Oo 

u ?k; »c: 3 Wr- • 


1 


WCQOXH 05250 

WHHOWW>CX} 


( 

25 


WHUO 


0 


OH WHOH • 


0 


25 HW rtjOWW 


W 


H HWUrtjSO 


H 


rs WH W • 

0 irtirtiSHW 


II W 



w 

W<P 0 
HW 

ww 
c>> 
w 

S I I 

w 

CQ WCQ 
HHC 
>>co 



65 



7 2 BEHF 1 = BEMFA - BEI 1 FC 









o 








• 












T" 








% 












1 




















pq 








U 












o 








S3 












t 




• 




H 
















• 
















II 




• 




% 




















U 












:zi 




H 




CQ 












H 




Q 




S 












S 




U 




H 












H 




H 
















pq 


• 


Q 




% 












Q 


f 






pq 














• 






•< 
















H 




S 












CN 


% 


Q 




H 












O 


U 


Q 
















O 


> 


H 
















t 




Q 


• 


U 


















t 


> 












II 


Q 


% 


• 


H 














> 


H 




t 












H 




Q 




% t 












pq 


% 


< 


« 


PQ f 












Q 


rt: 


H 


3 


> ^ U 


CQ 


< 








« 


> 


Q 


H 


HH 1 


1 


1 








H 






% 


Q ^ 


u 


CQ 










% 




CO 


















H 


CO 


<H Pm 


Pm 


Pm 










u 


S3 


Q 


>Q S3 


S3 


S3 








1 


> 


H 


03 


H f^pq 


pq 


pq 








rq 






5s 


^ H 












o 


% 




H 


•iH H!^ 












CN 




tU 


• 


HQ #WU 


U 


U 








t 


CQ 


ts: 




COQ 


<3S 












> 


#H 


• H 


Q3H • CQ 


PQ 


CQ 








II 






-MO 


QQ ^ 














% 


^vDH 


H ^ ^ 


% 










SH 




HWOJOI 


•HOH 


H 


H 








WPq 


*< 


PMS3HH 


^IMWPS 


sz: 


J2; 








HQ 


> 


:CH 




S3QS3 pq 


pq 


pq 








cnH 




w 




H<CW •^15U 


WPQ 


w<^ 


u 


rt: 


< 


>Q 


«k 


nq %tnca 


QHPQtOH^ 


03U 


03 PQ 






Pm 


coo 


H 


»<OiH 


S!Q OQPm 


QPm 


QPm 


s: 


S3 


s: 




cn 


%S3« 


ts M25US: 


us: 


us: 


w 


pq 


pq 


P3 •yincci 


UH 


•dLO 


*o ^ w 


w 


pq 


moQU 


CQCQ»s< 


mu< 


oo • 


a: 


Pm 




H> 


«> 




Pm PM 


Pm Pm 


H::tCr>H 


ts: ••OH 


H23S3C:5JO 


O 


o 


1 S«j 


1 SJ30 


1 %JXi 


UOLO 




U4 ^ 


tHHHHH ^ 


H ^ 


H •• 


HH 


HH 


WH 


*j tn 


% 


• pqu 




> Ort: 


uu 


OH 


H>> 


w>> 


u>> 




s 


^ S3 


%OJ 


% ^ *CE3S3 


S3 S3 


S3s: 


Pm 


Pm 


Pm 


CJ II II Hp< ^roH 


su KO H 


H 


H 


S 1 1 


S3 1 1 


S3 1 1 


Q 


pdUCQ O ^ 


HS3CQOK 


U 


CQ 




pq 


pq 


s3Hs:hpm ^cqm 


HPMP3 ^ 






«PmCQ 


CQPmCQ 


CQPmCQ 


UHC0 3J 


S3U 


Ol 


^ S3 WpqH 


HpqpqiH 


HPqWE 


HHO 


' HHO 


HHpqpq 


HHpq 




•<qcQ 




Hn wq 


J 2 ;cosO 


i2;cos:c 



PhI^ 

M-IW 

>> 

I I 

finCQ 
HHO 

>>co II >>00 II >>co II >>nct; 

JZO 

II II OH II II OH II II OH II II HQ 

HH Hft^ HH HH 

r-CN Sr-CN Sr-(\4 Si-CN^^CJ 
:z; SB o w ; 2 ; 525 o w :3 » o H ;z; » o u 
>>o«>>ocq>>ocq>>UP=i 

Oi 

n rr u') OQ 

> > > CQW 

w 



cnatn ^oPQsncM ^ hcscq>cn»«:hh h^hh 

<HHSCQ HOXN W S3 OKHQQPciPGHO^QpiSnHQ 
CQPU rsH ^ rtOiHQWH h 

M W rt; % P^H « »< H>^H HP^W HX 

»c!5WPSCnH MjhCQ ^ W«*a: HHCD HH!=3 

;z;HWM;z;(JL|S:faj^T- %C^P4<CSr-HHH Wtx^p^ixi 

HHSJ25H*<WSOiO*s;25W53WOemHO CnWHO C/3PUHO 

Z4HHf^C«HmHP3HHrt:«M>«<t-J.< W<D< W^tDrt: 

WHHHH HUH PiHUH WHUH 

M-l 
H 



*<o 

HU 



66 



END 

BEL MOTOR SPIED 
TfUT TIME, WM 



en 

o 

1-^ 

P^Q 

>HS5 

MW 

W pq 

CD O 

^ n 

PM M 






67 



Q 




• 


U*< 


t 


H 


f 


25U • 


OH03 


% 


S20W 


0 


P30» 


f 


rtjHO 


^ 1 


K H 


w 


CD EH 


II 0 


WZH 


• 


EHHQ 


ssn ^ 


HCC2 


cn 


HUO 


•»ro II 


HtHU 


0 ^ 


M 


• • w 


<tJC*P3 


OLO s 


tow 


M 


Q 5: 


II II H 


awo 


H 


f^P2 CX 4 


Hn 


EH 


ox 


Q P3 


X =3^ 


HCOO 


^ 0-1* 


0.<H 


0 nnw 


to 0 


tioooo 


OHS 


OvOvO • 


5ZiH 


CN tr- 


HWU 


II CTiO 


tOSQ 


m II 


ccoto 


H^ II 
CQ=J* H 


<JtO 


t-#<0 


CO W 


^ •XU 


CSH 


or) X 


OS 


in ^ 


WHtO 


CM II • •• 


SEHO 


(N ^in 


w*<pc; 


OHVOO 


HPQ 


• X t 



cn 

w 

n 

o 

H 

Q 



UJC3 

US.cC 

SI 

CQOP^ 

UO 

cn 

wwcn 

HOU 



o II 

II 

II LOHEH 

SCJDtHCQ 
CQt- « 

T— ^ 

% iOO 



«3UM CNOOcr 
(/J MMS cu o f 
rtj I PWkC , II o 
a: I s ^3 VO f It 
UHO^>» ^CQ 
25 tnwQ 
EH 

COEHrTq^Jlo 

« OOEH 

w;z;osco 



« II EH 
II ^ 

EH^i^> 

}b<^0 

P^OSIHH H «Wpq 
H cnv)M;aoHEH 
crjcrjt/^ WWtH 

H«H«-<HEH II sjSWOiCM II 

fcHC>t-^rt;fcHH?Z 5 Str;ixiUiU 4 r 3 n 
?2;u^»^rt;u 
■i^ ^ ^ ^ ^ HU CuP^r^ 




fcH 

cn 

« 



o • 
•o 

^-n-M 

P4\^ 



W 


• • 

00 
II II 
XCM 
XX 


ws 


ww 


00 


VO VO 


tHO 


u*o 


00 


U03 


% ^ 


s 


f— tr- 


vOXH 


• • 


B:W 


00 


town 


II II 


s 1 «o 


XX 


u 1 HH 


XX 


Ht-w 


ww 


M3SWX 


mm 


trfCO w 


Oicy 


CO xs 


OOCS 





«EHH 

hhh*< 

cn ooH 
HHs:cq 
cn«<i:rt;Q 
^Up:: 
<<WH 2 ; 
«Q O 
EH HH 
Q*<EH 
PCZM«< 
U<EH« 
Ph r253 
WPqen 
wcn^:p=j; 
SHO^ 

H«04 

H 

HWW 

Q 

OHUC5 

HHH»-I 

h:z;ehu 

Hwcna 

cnzHH 

SOi^ 

rtjp^fccrc 

«xwu 

hw«h 

a: 



t • 

oo 
II II 
CM a, 
XX 

WPtq 

z^zt 

OiOi 



HHEhEhH 

C 3 *cj:: 3 rt:n 3 

u^u^u 

C£4p:iQactip:: 



^ %p4 Cm Cm P4 P-i 
.-^fn:3»mvOr-r- X X X X X X 
r-accs33sjx • twpqeqpqwtq 
pS cn ^ oo CO O O t- CN ro ::3‘ in VO 
to I I I I Ml II oiCAcyoiOiot 

I uomLOinLOCMO^* -m- * * ^ 

inr^r^r^r^r^ X X EH H H Eh EH EH 



•ooooooorouuuuuu 
o oorciwcccccccc; 

% % f • f f I • 

W :c S S S S t- r- CN <N CN CN CN CN 
SMHHHM • I 
HEhHEhEhEhOO % ^ ^ ^ ^ 

EhEhEhEhEhH II II HHEHEhEhH 
EH diO^rorDDr^rDCo 

% % % ^ ^XUUUUUU 
Hntoininuo w w « « c« « a; CO 
uor^r^r-r^r^cNCN h 

r* • t # • #oiu< % % ^ ^ ^ ^MM I 
• OOOOO fcHfeHtHtHfcHtHH 
*’■**■ ” * -^ ^ fcC i<f4;Or-*CN«— (N t-* 

H H H »-q ^ ^ to to to to CO to s J25 3 :25 :z 

cmCmcmCmcmCm • .cr:o5«ccj«« >>>>> 
HHqH^-^H^-IOO 



HfcHHtrHH 

DODDns 

uuuuu 

«««U3« 



tHtHHtHEH 

toucouto 

«{£jpc;a« 



^rtJCQCQU 

>>>?>> 



fill 



HCO'^CS 
WHCQHa 
EHCOHHHtO^sj 

to >Js;HWo 

* HrtJQH 

* I HCc:HEh«<J*« 5:<'<»<'< II II EHEHEHHHEHQpsrE:s3::2 
O 0 >»^WWWr*^WWWri 4 aiMHHHHHOtOCOCOtOtO 
o iPMCqCMOWEHpcjWCCjKWpqxXSSsaSSSHaJSjZjsjZ 
• inHU««nH WWHHHHMHQUUUUU 



CM*^ 

H« rt:o 
pq pq« « 0 Pm 
\ — o 

-I- N\ OH 

fcs: *< II H int->rDOPMtHS II ll ll ll ll n 

SHOH II to ^1 nu OOi U3 

PQ HUH II o:z;P4toHP^a<rMP^0Ma< ii n ii ii it ii c n ii ii ii it 

II II lltOUWMIl WMX XXXXXXP3W H 

II Ct5rt;oSHCQaH WOWWPqWWPqWWWr-c>jr0^uOvP»^(Nrn^TLO 

r-cN ro s pti 32 rt: M M H JZ5 ;z; yc f-cNfo r3*invo w w ooiOOOOiH o Q O cq P 

PQ icq rtj ^ tH o H » P> p* F> M pq tH OU<OJUIU*UIH to « M3 Ph MM pq w M W U3 H U5 W 

pqx WCQ 

s:q * * * ^ * 03 ^; 



68 



(NC3-VO 
OiOOi 
01 : 04^:4 
^ + + + 
tH r-roin 
C OJOiO* 
CO WOGcc; 



CO 

w 

Q 

O 



^ CNCNCN 

H oioior «:pqcj 

O ««« OiOOi 

CJ WWW 

fti CNCN04 WWffJ 

J25I3S5 + + + 

t» >p>p> WCJ<C 

H r-CNm:3’inv^i<U4CJ0*O0» 

O + + + QQQpaQOiOiO^WWW 

U ocipipciWcCWWWWWWPCi 

W 'f + + + -f+«WW WUkjJ 

(N^VO ^<Nr0c3-Ln'X)"‘-'^4' -♦• -f rt:CQtJ 

^ 0»OOiWOiO?CJOiOJOi\\\ OiOiOi 

CJOWWWCJWWCCWWWfNiCNCN^aCQUWWW 

>:s+ + 

H r-mio rt: W W WoOiOiW W W NN\ 

I 33 W W WU5WM^^-^»-»v-s 

UM^wM^cowMttw«wp3 ww :s;jz5s 

+ + +CQCJ'< 

?25HW\CO *•»••«■ >>>CO»««J^'< 

>CSCNcrvOW*»- *•«••»••»■* EhWWW 

"-no OJOiOiOCi r-r-^-pcjp^p:; | | | ;z; COOiCMfljW I I I HMH> 

3 : WWW r-csro^d-tOUJ^CQU* * H W f-4 U5 ««« 

CO «•«■** HOOOOiOiOiOlOiOi • t #S5J25 ;z;Eh • # •:z;rt;rt;rt;rDCQCJ'< W w w + 

25O^^^5ZJa3MW«««WWWCNrMCN»<CQCJC0CNCNCNWWWWU»<CqUOQCi 

(jHar3::z;w WWW >>> 3 : wwww s:ss ^ 

WCO>>>H II II II II II II II II II II II II Od CJ5HHM II || II ^5 

M ^ II II II u :=> II II II w > 

II CO II II II >^CN^CN^(N CQUC II II II CUOOCJ W II II II trifcHH 

iz; M»cr;f<qn4fi4UU»«;pqU'«JP-lU w»cc;rt;»«: WU»«; «QQ || 

VO «: s: w « o ocjioioioiCtfo»oioio*oioiPQ u x; tH t-» H c;x 03 u H •< w u cQ cj 

OW.<a3UO'WWWWWWWWWWWW«<03CJMP-ICJrtWJ^Ss:M-is:s:CHMMO 

Wt^P*P»>WWWWWWWWWWMHWWMMMlri«;o4UHMMM!zJMMMM««P* 









<cr^u 

WWW 




< 




wurt: 




ESS 




CO 




rt;wu 




WWW 


•cdPQU 


w 




HHM 




>>> 


>F>> 


u 




% ^ ih 




■f + + 








OOO 


— u— ...-.^ 


HhEh 


% ^ ^ 


CO 




c»«ij i<a; 


cwu 


QQQ 


• • • 


H 




hmh 


SZ3S 


^WU 


OOO 


CO 


QCJrt; 


03U*< 


HHH 


HMH 


vOvOvO 


o 


rt:mu 


rt;PQCJ 




OQO 




rt: 


OlOiO* 


% % % 


^ % 




^ ^ % 


w 




OOO 


rtStUUOOO 




» t • 


kr< 


WWW 


t • t(/JW<W f » • 


WWH 


OOO 




W\ 


ooo£Hs:ssooo 


+ -♦• + 


VOOVO 


CO 



5HHH 
h5WWW >>>J2; 

I I 



Pd0CiWP*>> 



I I I CJ<03CO 
T >>>0 
OUOUOiW 
HHEh I I I U 

I I I MHHCWCJ'< 

<CQCJ sss>>> 

SSSOOOHHHW WOiCO 
HHHrt:PQUWWW W 

>P>P> II II II C3 

II II II II II II < 

II It II UCWM 

OOO rt3WU<WU»-l 

cwcj‘^pqcj>>>>>?>0 

UlW> 



r>oc»:>:»oajQjLLiLij 



•«• - W - 



^ ^ ^ 



•W- 



69 



tri 

as 

o 



M\vOvO 
H W 
O^CUHH 
H# a^(^ 

Xr-* « 
Cn^-V)C7^ 

— ' 

o ^ 

t-tWt-iH 

.I^XWW 

MHrnx: 
W# HH 
03 •■»■ •«• 

O # f 

W^OO 

^52;"—^ 

voXHZ^s; 
OO^CrJHH 
Oi ■»• tocn 
wcr»# -M* 
•f utncTia^ 





H tinm 












(N 




m + t 0 












4 f 




OJH-^ 4 * 4- 












4 f 


















rtj^mmcju 


PQvD..-^ 












H 


SSSSS 3 S 


*f \vDvO 












4 f 


hhhhhh 


QhW 












EH 




^fxSCUHH 












0 




cyin^ P 4 PU 












U 


ronororomro 


PllDr-* * 


s:ssss 










fci mrn 


000000 


pMt-r^m 


PS css 










4 f 


000000 


4 - 




j 25 roro(^ 




H 




0 




04 - 4 - 4 * 


4 f * * 








in 


^ W 












X 


t— 


t— T— 




0 HHH 


nrnro 


Bn \ W 


CN 


—0 




4 - cn*-^ 


ronorornroro 


CMtCPiqpiqpiq 




^CPU 




SS 0 


0 


H 


000000 


OEKX 




rn HH 


3:0 




EH S 3 * * 


000000 




\ NNP-i tit Pm 0 s: S an 


1 ^ 0 »P 4 


<D 


0 


s:w 


• • • • 0 • 


1-^* * * 


XPqpqacSEHWWW 


pqmcN\ 


0^ 


0 


HHEhH 




CN 00 0 ^^P>C.» 5 GU 4 ^^^MCJ PQWWUO N** 3 ? • 


0'—^ 


• , 


Ut^t^ 



^ H ^ % <wXC/)CNCN(NSt3 p>>p»Zi L-< lO «?z;0 hMMSS 

▼"CNroa-invor-cNroia'LnvoaiW*-’**"^'-^* * ■»■ ill *** ^ ^rDfsjjp^ww 

rtJ05m®Umr36C3::sp:3Q:O»OJOiOO>OJ i-^:2::25:3; <fquw -►•'-v- CJC/^P^PQpq 

>H>H>HCOCOtn^COCOHHHHHH -♦■ ^HHHO^PQU^P^f^t^e-fHB-i OiOKEH s:OJ > W 

P> > j25(/)cocnwpMi^pM5G2:;srt:u3«^iimu4 pc30tHcnH* •«• o* * 

I I I 3:0=;2;5:3 ;:s-»- #*#■»■ 4 ft- ** ^-IsiSSIWWWS: lHe4f»-l z:HW03 CM $U 

I I I cooicotococo at $ • • www>>> ■»■*■»• cn 04Sts:z;a3rn4f ^-tn pqh 

Pm Ph »:z;«?52:^.t-cN<^^LnvDa^pqrorr)ropi3pqcQm o hHH \ 

H«<HPqHUUUUUUUOJOOJOiOO II II II H<PQU II sJs: II H 

>>>>>>PMPMPMpMPMft,>>>>t>> II ^ II II II M II II II s:s 2 :rt:H 4 t-fw II 11 11 11 Ps:m h 11 11 

X U'«5jmwHHHtrit-< « w >cmn 

II II II II II II II II II II II II II II II II II II HCL<rt 3 a:Kj'<‘<wu»<pqu ;:3 II xs^:cj 3 Z 11 

CJ PM^i,pMSE 3 P 4 M 4 PMV^OHO^OIII II II || l| II PMpi^bHWU II OPI^UlPil 
T-(Nro=rLn'^^cNfr)crLn'X?t-cNrn^Ln'^HWS353s2 wxssxsjshph cn oiwpiqQUw ccjsPMOi 

c^cj«oiOJc:^f:3»c>Oio* oo»c»c^cj<oo<oo<u- pj 4 pi^ w o w w w w w w o < w U s i-q z s s s rr: 03 o: ps H :s o w H 



70 

















s 

o 














COH 








H U 








CQ 






WH 








HQ H 








•> 














US o 








U4 






03 








»<rt:wo 








o 






















H 






M-IO 








MMH 








O 






Q 








SCO u 








S 






25 








EhC!3S 














ou 








UHH 








w 






vOH 








CO 33 








33 






noH 








M03MU 








H 














HWWH 






















*<SOH 








O 






«o 








H03 S 








z 






MS 








aoQco 








H 






>H 






• 


EPmW 


s 






VJ 






WCO 






S 


M 03M 


u 






Uh 












o 


copqcjs 


u 












03M 






M 


03HH 


33 






> 






WS 






H 


COHH 


H 






W 






HH 






«: 


H Sa 








03 






M 






H 


xzcou 


H 












»<o 






Q 


HH H 


W 




o^cN 00 ertn 


03 






H 






S 


03X 


O 




menmeomm 


O 






O 






s 


MOSC 


> 






pq 












o 


• Pm 


M 




oooooo 








o<t: 






u 


OOQ® 


<o 




HHHHHH 


S 






HH 








WO 


3S 






CO 






Z 






pq 


03 03JSJO 


CO 




OOOOOO 


M 






HW 






CO 


OOHO 


Ik 




o o C^ o o o 


z 






COS 






H 


003 


ID 






<3 






03^ • 






3: 


^SP333 


3: 






33 






33QS 






tq 


opqn 


CO 






U 






HSO 






U 


CO s 






oooooo 


W 






QH 






O 


WQWW 


iT 




mvDocNinoo 


S3 






WMH 








wpq W 


3: 




r— ^r- 








H U 






U 


>ZOCQ 


CO 






W 






CQCOrt: 






03 


wo3s«: 


% 




HHHHHH 














pq 


WOHM 


rn 




WWWHWH 


Oi 






H O 


o 




Ha 


1 HW03 


3B 






s: 






03 COS 


w 


o 


S03U PQ'^ 


CO 






M 


♦-? 






Q 




aP3HO > 








CO 


H 




P>03CO 


03 




OHCJSCO 


cNin 




OOOOOO 








HS 


H 


o 


U 


OM03W 






UUUt-^UU 


< 


2J 




W W 


•k 


H 


T-HPqo33 


CO 




awasa® 




H 




S CO 


U 




COW 


1 mt-iEH 






HHHHHH 


CO 


•O 




H f 


< 


o 


pqcoo to 


^H 






w 






ss 


M 


Ci) 


H 




3: 


• 




Q 


H 




COOO 


O 




«:co 


1 05C0H 


COO 


o 


QOQQQO 


H 


>o 




HHH 




(O^ 


QWVOOS 


^O 


00 


zzasss 


> 


— H 




WHH 


HOHOo 


DHPscort:s 


ro 




i< ica; j«a; <tj 


o 


Q 




co«:h 


pq • 


• • 


SPQC0S03O 


W^ 






P3 


ecu 




WHM 


COO 


1 or- 


H«3 


MHU 


CO • 


1 




P4 


WCJ? 




P3UO 


MO 


vo 


COMOCO M 


<»o 




oooooo 




Q H 


H 


03Q 


P3roofo + 


0303 03H 


•CNOO 


s 


mvocncNin 


pq 


OB.-^ 


H 


W 


M 


W • 


pq«3ffiHW 1 


QWf- 


o 


^T— 


03 


PhO 




03HQ 


H* QHU 


03>HUPC 1 


WCO • 


u 




33 


M • 1 




C3'<S 


CO 




a 


Wo •! 


H ^pq 


a 


pqpqpqpqww 


O 


T-O 




QUf< 


WUEh *Mh 


QW 


ii-woiWar-c:) 


H 


O CJ C!) C35 O Ci) 


w 


• z .sinsiww 


WH 


33*<*: 


Hf^pqW 


wajsM copqpq • 






ushheh*- 


H3D03 


uso 


HM M CO n« 


UHCOpqco»<sco 


M W 


oo H 




o<s 


n 


03 M SQ 


o 


wuw svo a:s;s:s;s:2;s 



PCiHW •MOM HQ 
QtHCria H HW 

f-3U 

cnH o P> ;z;0 

fcHOtHCJW 



t-tWUM 

« 

Oi 



OU)M 

r-^?zj 

W 



wu 

C/ISH 
H M 
rcHpc 
HU VJ 



pq tHffi HQ 
« M tOHUHW 

0 

HfcHHM»^U W 

U H 

U OM 

(q 

01 W 



^O^OOo^^OvO 

o a:2;;s;:55z:2;a 
«CQQQH »qWOc3*S:zoOOOOO M M M M M M M M MO 
OMUUUCJUU H 

pq •< «: Q w S Q ru o U H ® 03 33 33 K K CN ro r- CN m cr lH VO 

cotn 33DfcHMQt-iH33Jz;tHtHHlr«tHHWW WJ3fSl^p:ps3:U 

H cn SEH HU— — v^tntotncncncocnc/io 

KC-<W^t,H<CC/}UHO UPJnpMfqCqHP^ 

HMCOUtnHMUHO HMMMMMO 

p:; inv£> tn 

■K- * * * * * Q 



71 



• • • t • 9 f f «0 • • I • f f • f «0 f • • • • • • • «0 • • f • t • t • lO f • • • • 0 • t «o 

T-OO^OOT-Oo'O^^O^OOOOr-vOO^OOO^OOf— OO^OVO 

II II II II II II II II II O II II II II II II II II 11 O II II II II II II II II II O II II II II II II II II II O II II II II II II II II II o 

tH tn tH tH tn 

^cNro^cNf^cnnvo f— CNro^cNf^zru^^o r-cNoo^CNf^^^iDvo T-cNrn^cNf^^Lf'»vo ^CNro^CN<^^ir)vo 

w W W 3S IS pc 13E sc o w W W fs ;ic 3S 35 ps O W W W 0: 3S 0: fs 12 o W w W cs 3E ;s 3: 135 PB o W W W ts ;jB ;=c 3 : f5 [2 u 

U^U)CnC/^(y^C/lCOC/^C/)CJ?(/)CriC/)C>^cnC/^C/)COC/^C:)C/)C/^C/50^COC/)COC/^C^CJ?C/)O^O^C>^COCO^/)C/)COCJ?COCOCOC/)CnC/^COO^C/^0 

^ cN n rr in 

m m m 10 in 



72 



u 

S3 

W 

> 



H 

33 



PQ 

S 

w 

> 



CO 

33 O 
hs:eh 
330 

COCOS3PHH 

UWHH 
HHP3C004 

WP3 WU 
PmCQO X 
ti<pq;5C/JP4 
pqOH'*^ 

w •« 

Q<OQ031Q 
2; On^nwm 
<pq 5300^3 

3300WP3S3 
SEHUUU<JW 
« OHPQ 

H H >Cm 



S3 

FM 

> 

CJ 

S3 

W 



Or- CM Perrin 
QOOOOO 
OOOOOO 



I 

pq 

o 



2 

H 

S 

&3 

Q 



CM 

O 

o 



h3 

W 

Q 

p:: 

P4 





WS3WHC0 S3 




OOOOOO 












^3- 




s3P3toun»-qw 




covoocNinoo 












1 




<jpqa:z;OCPQ 




T— 












w 




COH OHZ ^ 
















o 




pq«pn>0S3 




HHHHHH 












CM 




fkqQO pqHO 




WHHHHnq 












t 




33 PmCOP3EHU 




















HO HOiHn: 
















II 




EHCOP3 OE-I 




z:szjs;3z 
















CO 




OOOOOO 












S3W 




K5PMS 33»=CHVt> 




UUUUOU 












WW 




Kpcipq .H h3 




33 3333 33 33 33 












HQ 




WOO 




HHHHHH 












COH 




W330HSK>H 




PQ 


P3 


u 


L> 




< 


fHO 




03 OiWHHII 


t 




w 


w 


W 


w 


Pm 


cno 




nQs:r: cmo 


o 


QOQQQQS3 


S3 


S3 


S3 


S3 


S3 






OWOWQrqissO 


00 


SJ33!Z;SSW 


w 


w 


W 


W 


W 


pH MT) 




WcoCJPQWH> 


r- 


<jrt:»«33<;<;»<P40ro 


Wrtspq 


PQCU 


P3P3CJ 


PQP3<*: 


PQU'^^ 


OO t 




UO •— HC 






ww 


ww 


WH 


ww 


WW 


H^a^ 




o ^ <«S!M^ f 


1 




1 S3>3 


1 S33U 


1 S3St4 


I 2323 


1 2J2l4 


OOU) 




WCOnPKMU^O 




OOOOOO ww 


W w 




w w 


ww 


w w 


23 9m 




04HH!=>r3H>CX) 


;z: 


POvOOCMinUr>> 


»**:>> 




pq>> 


PM>> 


U>> 






WHCJO ^ 


O 


r-r-W 


w 


w 


w 


w 


W 


U II II 




C3H WHUH t 


u 




S3 1 1 


S3 1 1 


s 1 1 


S3 1 1 


s 1 1 


Q 




J2;HW CCJfqW 


33 


wwwwwww 


w 


W 


w 


w 


pq 


S3H 




H HPqUCSCi) 


H 


OCjC:)OC3C3PQWP3 


P3WP3 


PQWPQ 


PQWP3 


P3WPQ 


PQWPq 


UHC/^ 


ww 


C3: PQH W # 






HHK 


DP3 


O t^rtJSsHPQ 


II w 


1 II >>C0 II >>00 II >>00 II >>00 II >>00 II >>OP3 


Cna33 


zn 


WCOHS3WO 525^0 














<J5HH 


hq 


i-13PciHW«WO'^3Z!5000000EH II II 


OH H II 


OH II II 


OE-t II II OH It II OH II II HQ 


PQW 


e»w 


OO^XCQ P3CJ 


OHCJUUCJCJCJW 


HW 


HW 


HW 1 


H W 1 


HW HW 


W Q 


»CJ 


WHP>0 Q0 33 0UH33X33 33 3:33 53r-CM 


S3^CM 


S3r-CN 


S3r-CN 


23^CM 


Er-CN»U 


«:wwcn 


ou 


> WWM«Mfc-i33?z;bHHHHHHW:3» 


ow^» 


013-1 f2j» 


ow;2;«ow;z;;sow;z;»ou 


|2;hwm 


UPh 


pqW 


HO 


— 


OP3>> 


OPq>> 


O PQ P- O P3 > > c:) CQ F=- f> CJ « 


hhs 3 jz; 




KW33aXi»cqoCJ WO 


cjwwwwwpm 










W 


23HMr-i 


OQ 


HWH*^a5CJOMC:> 


HMMHMMO 


»-• 


CM 


rn 


=t 


LO 0« 


Wfc^HW 




Ph 


in VO 


> 


r- 


r' 


r- 


r- 


> COW 


W 


pq 


•«•***** W 


VO VO 










w 


H 



73 



fcH 

Q 

U 

H 

Q 



H 

Q 

cq 

H 

Q 





U 


<c 






H 


1 


1 






O 


.< 


o 






•< 










H 


w 


pq 






Q 


a 


o 


















H 


EH 






U • 


H 


H 






• s: » 


O 


o 






• H t 


> 


> 










«te 






t ^ pqoi 


£H 


tH 






• U 


js; 


?s 






#t> #M 


W 


w 






t ^ 


04 


04 


o 




^ ^ • *ld 


« 


04 


H 




Hpq i«30 


DO 


Drt: 






COP> 




opq 






04 CJH ^ 


> 


> 


pq 




X ^ Pm i3* 


04 OM 


MHpul 


tH 




Hf< «S 


O 


o 


w 


n 


;> #wrt:u3 


t-i ^ 


tH % 


D ^ 




^ «P>U 


ou 


u<c 


C^iei: 


0-1 


s ^ % s: ^ 


SS 


ss 


04H 


Ois: 


Oi^zrt: MHro 


H 


H 


o 


cnpc 


«UU® o 


o 




EH ^ 




S3>HPm 




% 


fcH 


04 Ik 


:s 5CU 


rqpL4H 


EhWPOH 


P4C/3H 


OWH 


S M^pq «» 


tn^o 


SOISO 


O04O 


EHSO 


<s:U>5:<N 




h^mh 


HCCH 


ohh 


accqpq hO 


oHa4Qo4p::EHPiiQOHaicqs:HCUi 



^ >h:z;E >i^ ?m;z; 

rt: ^ H HXW HXW HMW t-«XW 



tn % sticq •«. etHO 

MJMU4W WWPnW 

H»<«a:ws:oiswH<^ oiRtno 

P3>HP*HP5trlrt:C3f< 
m HUP4 wHc:;)M^ 



►^D HO 
hhh 
cqHCi) cqHO 

HUP4 HOH 



74 



ENEJOE 







o 












• ff 






H 












OO 






W 












II II 




o 


W 


t 










PP 




2; 


P 


t 








w 


XX 




H 


P 


• 








WP 


ww 




w 


cn 










oo 


VJOVO 




o 












trip 


OO* 




WH 




o 








PO 






HHW 


«3 


• 








ow 


% % 




«^(3;PL| 


tnpcn 


r— 








P 


r— 'r- 




SJHtns 


wow 










^OPEH 


ff • 




HW O 


EhHO 


II 








PW 


OO 




EH WW 


rtjHCO 










town 


II II 




t>*<rr; 


WOK 


Pr- 








W 1 WP 


PP 




W 


oww 


CN 








o 1 HP 


XX 




«o o 


oiceto 


•<o 








Hr-W 


ww 




2;c/)fcH 




orn 








MPWP 


men 






0«H 


t ff 








PC/) w 


c^CDl 




•< s: 


OHH 


OLD 








to PP 






PH 


pw«: 










OOK 






PMHO 


H W 


II II 








WEHH 


t— 




OOWQ 












QPH>< 


• ff 




Htn;^ 


P tW 


Hm 








HHHi< 


OO 




tn 


PCOP 


ow 








to tOH 


II II 




i<25tntn 


•*=JJWEH 


w ::1- 








HHPW 


PP 




HHpcCW 


W 










tO^rtJP 


XX 




pen H 


PWP 


O ih .w 








POW 


ww 




S3 2533 


OOK 


•in=f<z> 








rtJWHP 


crer 




Sf<otn 


HW«C 


<D<0\0 • 








WQ O 


0*0i 




O HP 


EHP 


CN t- 








H HH 






OtOHW 


O P 


iicnii CN 








P*<EH 


^ IhP p P p P 






WOW 


inp II o 








«PHC 


.HNmzr ineor-r- X X ><- X M 




O H 


W^Eh 


H*-H • 








0»<HW 


f-3::^r^P25 ff ffWWWWW 




25XPC 


H<^<C 


W^HHO 








W PP 


P to to to to to OO CN rn LO 




HPS 


P « 


r- P 








WWW 


to 1 1 1 1 1 II II cyoiotcyoi 




cnpsw 


>•0 


^ • <J II 








WtOPrtJ 


1 tnmLnmmpp-W' ***•«' 




«WOO 


WWW 


oroow 








SHOtO 


mr^r-r^r^r- XX Eh Eh H H H 




w u 


WWW 


LO tn P 








HWP 


r-- • ff ff • twwppnop 




>u cn 


w>o 


CN II GO MH 








H XtO 


•ooooon-imooooo 




WHpqO 


HWO • 


CN vOtnEH 








HWW 


o oioiwwwww 




WEHpH 


H PK 


OH «0> 








P<3 P 




p 


WOK 


WEhHP 


90*0 «w 








OHOP 


%WWWWW % ^ ff ff t ff ff 


w 


tQZH'=*3 


CO O 


o w 








HHHH 


W S3 S S3 s: P f- r- <N CN CN CN CN 


H 


POPS 


PWW 


•^11 II 








EHPHO 


PHHHHH • ff 


H 


EH<; >1 


H33WW 


II m EH ^ 








HWtOP 


HHHHHHOO <*%%*.* 


•< 


rtjstnp 


EH03H 










COPHH 


E-*Eh6hHEhh II IIEhHEhHH 


H 


w w 


P W 


scowtn 1 








KOH 


H PPPPPPO 


cn 


OCOEhW 


ootow 


Pr- pc5W 






O • 


i<Pni<va 


H ^ % %xxooooo 


:25 


PPi<0 


C£52:wh 


r- ^ o 






•o 


wxwo 


%inmmmLnwwww ww w 


H 


WHHH 


HP 


tco ^ • 






o*^ 


HWWH 


tnr^r-r-r-r'CNcN 


1 


0«?PVJ 


HtHHW 


CNOO^^ 




tH 




P 


l"^ ff • # • ffCyj* H ^ 


O 1 


(JHS3M 


HtHHO 


00 o • 






PW 


WO»«>5PS 


ffOOOOO HHHHH 


o 


25PHCn 


HWP 


• HO II 




to 


WEhWHP 


‘ 1' ^ fst; rt3 »<J 


r-25H®tO:25 


psfOOW 


^ t II 


CNCN 


W 


HtOHHHCOS 


HHHHHH^^tOtOtOtOtO 


pt: 


1 H ^ 


WWP 


r-CQ W 


* * 


H- 


to 


>PHWO 


PPPPPP ff ffWWWWW 


s>ptnPP3 


• PW H 


II E-*^; 


* * PPkC 






MrtJPH 


H H H H H HOo 


OWO JsjEhWO S5H 


II «:h 


PPHHW 


Kdo 


* 


1 WWHH«»<'<«:'<»«J'< II II HHHHEh 




WHWOP 


•Mcx:toH 


'-~OW 1 


w w #o w 


o 


0>«<WWWWWWWPPHHHHH 


^wtnw PstnoHO 


Eh*-H>Eh 


NN N 


'•HO #w 


O ff 


WWOiOWEhWWWWW WXXSPrC53S 



tnswoHrtjHpq rtj cQf^ r«q »< II h Lnt-p>nQCMHs n ii ii ii ii n 

wu>s;?z; H>QfcH»«=u eh twww ssjHnH ii tn t- i qcj p^h o»o 

acH ouH ors K-?PsoHHt-» II now EH on ii o^soicnHOiwwwciiw ii n ii ii ii 

OViWLQSM«WW2::W<;»< wwcqtn n n MWOWMII ^qM^< X?<XX><5Xtt5W 

EH«HHa505^5HH^>HbH n 5GSSP3WW n II pcJrtJOS^ WWSSH WQ W W W WW W W WWr-cNrn^J-LO 

i<rxqwwrtjoowwo»<fcHW r-cNroacpt4Wi<HHHa>H=»t25 w^cNncnn'^wwo»oio»o»OJ 

W?»tHkriWHUtr^5QOWM;«2::W«p:5UjP4^^W«;i«q»«qtHOfcrf«P>P>P>MWOii<qfcHOiOiOiOCVO*Mtr)«Wu:5‘JH« 
;s:oo«<f^rt50 WP-« ww 

•fr HO Oiwwsz; s:q ■W'-W'*** w<c 



75 



04 

X 

w 

vO 

o* 

* 

H 

O 

o 

Pi 

•M- 

t 

CN 



HbHEHHtHH 

0»cj3D»cs30rt5 

cjcncjtncjt/i 



CNrI-vD 

0J0»0? 

««« 

^roiT) 

OiO»Oi 

«Ct3« 



T-nm CNCNCN 

00*0* <3lI3CJ 

OS«P« 0*0*01 

**-M- WWW 

CNCNCN WWW 

-f 4* 

>P>> 

T- CN m iT IT) VO »<C w u 0*0*0* 

+ + 4* QQQQQQC^*OlC3*WWW 
WWWWWWWWWWWW 
+4- + + 4-+WWW CQO'< 

CNcfvO T-CNrOid'ir>vO*‘-^---^^4' + 4- rtJCQU 
0*0*0*W0*0*0*0*0*0*XW 0*0*0* 

<5<CQWOOOW WWOWW WWWWCNCNCNrtJCQCjWWW 
>>>>>>534- *f+ S^--^--‘^----^"-^»<WUO*CD*CD*WWW CpqCJ 
W H^Wir>f:i3 WWW0*0*O*WWWWN 0*0*0* 

w I I I I I I wo(0'-**tH»"CNrnrrtnvuM4M-iM4 w w www 
tHW uwwpcicnawwwwwww^^ wsjzs cAfnp^ 

•«^JO»-fN^CN^-CN6H*-^-^-iHWWWWWW 4- 4- CQ CJ <*3 W\ 

tns?25SS2::z:s:H\Wcn * * ■»• > p> > r o c »«3: 

w >>>>>>:scNcrvow * hwww 
oo*o*w ^^T-wcc5« I I I :z; 



o 

u 

w 



HHHHtHH 

oDonr^ro 

uouoou 

WWWWWW 



HHfcHHHH 

(«qrD<JD<30 

wocncjcocj 

wwwwww 

^ % 



PQCJrtJ 

•«QWO 

MHH 

% ^ H 

or3o 

*^wo 

hhh ses 

WUi-i: HHH 

rtJCQO 

% ^ ^ ^ ^ 

ooo *a;wcjooo 

t • • • • 

OOOHS3SSOOO 

wwww >>> 



«33PQU 

WWW 

ss:s: 

WWW 

>>?> 

4 4- + 

HHEh 
QQQ 
CWO 
HHH 
QQQ 
•M- * * 

HHH 

4-4-4* 

SJ<<15<000 
>Q3 WW>>> 



tnwwww I I I HHH 

EHQrsW»3EtS£S WWW T-CNm:3'ir)VOi<(QO* ■«• ■»• <***HHHHW WwW 

Hococowtnwcnw* * -M- EHO*cD*o*o*o*o*c:)*o*o* t • .aswH • # .:s;<i<j<opqu<www 4-* ■»• -w- i i i 
SHSsS;25S250^^^:2;WWWWWWP^WWCNC^lCN<CQ0WfNCNCNWWWWCJ<CQUQQQ ^COU 
H<=5CJUOOuuH!2;:s!2:w WWW >>>s wwww ^ss:?:ooo 

H WWWWWWt/}>P>>H II II II II II II II II II II II II W OHHHll II 1 | r?5HHH<CQL) 

W H II II II U n II II II W > >>P> 

W^W II II II II Her* II II II >^CN^CNt-CN pqo»<ll II II onoo Hll II II HHH II II II 

w s M<«;«:pyp3ocj«^wcj«;ajo w^^jc pqo«; hwwii ii ii ii 

vow^cNroznr>vo<sw 2 ;nc::)*o*o*o*c:;*o*o*o*o*o*o*o*wo/»*; 2 :HHHO<muH^mocPQO ooo 
0*HQQQWQQ«<CQUO*WWWWWWWWWWWW<WOHCQU<WaDSS:W??:Ss:HHHO<CQO^mU 
WHWW«WWWHf>>P'WWWWWWWWWWWWWHHMH<WOHHMMi-5HHHWWWP’P*P>?»P**?>?> 



76 



H 



MXvOvO 
H W 
OKP^HH 
H* CUPU 
33r-* * 

cn''-ino> 

OC4* + 
Ht-lCrt3 

HWEhEh 

-5SCCWW 

W* HH 
« •* * 

O t t 

w^oo 

Cn'-^r- 
^ * “ -’^'** 

OP^C/^HM 

CM * cnco 





to 




WO* * 












w 




4 . CClOOO 












Q 




H •mm 












o 




m 4 * • • 












H 




OEH-.H4- 4- 












n 


















»Crt:cQPQUU 


CQ^O^i-^ 












Q 


S£ 3 Ss;?e:s: 


4» \vOvO 












25 


hhmhhh 


QhW 
















zrWO^HH 
















oto* ww 












CO 


roroforomro 


OiOr-* * 










<;m(j 


Ph 


oooooo 


w^r^ro 


PKC3S3: 








>p*> 


o 


oooooo 


^125 W. 




5250r)mm 




H 




H 




04* 4- 4- 


*** 








^ y % 


to 




rnCJ<3C‘<C 








\ 


t • t 


H 




0 EhHH 


rnrnrn 


fH*S^ W 


CM 




ooo 


to 


mrofornrom 


pi4^icwwpa 




«dPQU 


— s 


E • 


^\O<0 




oooooo 


ocniEPa 


l5q^^iCU*^CQ«WPHW 


rn HH 


:so 






oooooo 


+ OEHfc-<EH 


\ Wp:< w W 0 s re s 


1 ^ ^ 


•CO 


^ 






W* * * 


pqpqpQSSSCtHWWpq 


WPQCN\ 


Or- 


t t • 


t-4 




(N • • tM;4CC,»aciWWWO WP-IM4UO N»«: • 


t 


ooo 






OltOtNCNCN 


>F»>S 1 


tH fO ^^0 


VO VO VO 


to 


r-(NfO;q'lOvO^ 


CNfnc3-mvoaiW"’^*-^4(> * * 


tit * * * 


•r-fO\*— * 



I I I U»<«C0»<PQP^PQUCP»PeC 5::2C3:3:0*0<OOI0O* »<PQCJJ^ ^ ^-y- #— <£:»-q 

''-^‘-^-^>>O>H>H>H«PtnCnc/^C0COHHHHHM 4* OMHHOCCQCJfM&-iPMt^HH6H CU^'^ CMd^^Eh 

CUCUCUQ^ > > ac/^COO^WPHPMUnSSSCSrtJKIicit^^CQpq WOEHCn 

HHH I I ICJI I I Cs3:pitsp53s******^»«3:***^SSaL:WWWS HH*h4 SHW« 

HHHrt:PQu< I I I cncncncncntn o* • • • www>>> *** to CMsrsjziix^n:: 

sss:>>> pl^ tiH tiH a^sr^arssr-r^roci-iovocMrOfornfnwcQpqcQ o 4**^i-4t?: hthH 

HHHP4Cl4Cl4t0HCHmHUUUUUUUOOO*O»OiO* II II (I HCpqCJ II 

HkI»- 4 w>>>>>>iiHM-iP4pu,p^p^>>>>>> II «i; II II II H II II II s:sSf<h^fcHw II ii ii ii 

II II II O cq CJCmWMHMfc^ltr^ « w 

II II II II II II II II II II II II II II II II II II II II EHPMCCQU^^nCjA^CQUO || 

Ui«*3Wtr« O M-^MHmaCP^^*^^HM^M;^^z-,C«ll II II II II II 

^^wcj^ccquH^CN^^cTLO^^^cNfnmnvo^cNf^^invoHWsss^wsaExjaassjw «n cqwwQU 

> > > > > p> o OC-^OIOiOO*CVOIOOiOOOC>OC«OlCJ<C»W W W w o W W W pp W W O W CJ s H ^ ^ ^ ^ 

M^P4PMU4f4(P^f>>P*p>p>p»p»MMMMMMtMMMPM^M^MW4P4tHmPQW»^>P>J>P>>b-»t4t4fcHtHt-'tHU*3c;^fcHtrit^ 



77 











COH 








CO 






WW 








m 






w<q 








M3 






« 








O 






CJ)fi4 




H 




H 






WO 




H 




O 






Q 




C 




as 






25 




*Tj 










00 














vOH 




W2; 




3G 






r)tH 




00 










-tj 




HH 














H 




C3 






ws 




WH 




25 






WS3 




COCO 




H 






>H 




30 




to 






ww 




cw 




« 










u 










WW 




ww 




> 






WW 




wu 




w 






hh 








« 






W 




W2; 










CO 




«o or-cNrocrm 










H 




OH » 1 r-r-r— r* 




o 






0 




QH 




Ph 






W 




wu 000000 














025 HHHHHH 




s: 






EhH 




03 




CO 






25 


• 


WW 000000 




H 






HW 


0 


W C500000 




25 






COSG 


<0 


0 




< 






we • 


ro 


EHW 




ac 






W025 




xo 


CN 


U 






EH 250 


•f 


WH 000000 


* 


w 






OH 




25C25 POvOcnrNinoo 


* 


s: 






pqWH 


H 


>0 T-r-r- 










H 0 


CO 


rq H •••#•• 


H 


w 






PQCOC 


W 


aWH HHHHHH 










CM ^ 


0 


Eh H H P 


EH 


G4 






H 00 


H 







X3 






WC0 25W 




S32SOO 


CJ j— V— ^ 


H 






CMHO 


II 


0HWU2525 2525 25O 


« men 


CO 


H 




p»OCCOW^ 


wto ooooooo 


* 




EH 




H2SH -H 


W WHCJCJOCJUU 


t iCte 


< 


% 




w w oco 


CO— wooowo 


in W 




S3 




0 COUvO« 


2 ; HHHHHHH 


r- r-r- 


to 


EH 




H f rt:mo 




-f C/7— ^ 


w 


% 




25 0W 


H 




O EH 


Q 


S!r- 




coooo % 


» 


CCHOQQOQQO 


P^ EH25* * 


H 


PB 




hhh— ^ 




EhWEH II 2525 2525 250 


O SMJ 


> 






taHEHEHWO 


wcjcncccccc 


O HHEHH 


O 


OH 




COCHWO 


• 




• UMHWM 


u:^ 


3 : 




WHWCOOCO 




H»r^MSZ3 


P4 


wo 




WOOWH 




oejM •c:>ooooo 


* pf^FuiWW 




OCiJW 


H 


PSPeC— ' • 


pCN ^OvOC7^CN^n 


UCnPt^PQPQ 


W 


3 : H 


H 


M II QEH 


wo w r-r- 


S«>W 


« 






03HQHO»^ 




H*Jf * O-M- * 




II 0 1 


+ 


OC25C05G 


• 


000 VWWWWWW 


CN «U 


Q 


r* • 




QUCWrtJ 




00 ^oc:joocdo 


* *-TN PQEH 


W 


tZOS 


S3WW 


WH W 


HW 




N 


CJ25EH •EHtOHt=)« 


usOEH II cn« 


Ucococn r-Ot-Or-OOOr-r-oOO^O 


)i H 


OO eh 


250 


0^2: 


WO 


0 W 250 2525 2525 (N CN (N 


^\-\ H II II 


rtSHWt-l II o II HP 


wpghwhoq 


WCOHWOOOOOO II II II 11 II II II II II II M II 


>COC0 


PLifcHW t tH 


HW 


WU^WCOHW 


wwowuuouuu 000 


II 0100^04 


UJ=>Sr- 


r-25U 


wuow'^ 


0 W3 wac W 3 W or- CNro H ^nJrOH^CNCO H^CNCn 


II UM4PUP4 


tow«;s:24a»ou 


C/7Z3HQWWO 


COCOCOHHHHHHW WWOWWWOWWWOWWW 


pq ffjS^CUCM 


MCCWwfcHCDHUW 


H HWHMW 


H3 0W— to cocoes CO COCO C9C/} COCO C5 CO to CO 


CSMCKOPQH 


WHUH 


W 


OWOCJ 


w 


OWWCJWWWWWW 




HWOM 


« 


HOWU 


w 


HCOWOHMHMHHO r- CN CO 






w 


r-U7« 


W 


25 


W r- T- r- r- 


* 




W 


* * * W 


W 


•if -w* * 0 



78 



f t • f • t M 

ooT-T-ooo^rDCcj 

CN CN J25CD 

II II II II II II HO 

o O 

H^CN^O » U 

CjWWWCJ WWWUO 
CJtOtOCOCD^^t/^^^CJW 
O 

a- U) OM 

r- T- cn;s; 

w 



Fz-i 




O 


O 


Q 


H 

EH 






rrj 


H 


u 


O 


vOH 


s 




s 


cncs 


o 


COUU 



OH O 
«03OH U 
KOOC/^ U 
H HH as 
O p: H 

:2^gau s 



C/3HHO 


H 




0«”CNro^m 




m^d-LOOT-CN 


UKH 


H 




LOinLOintnin 




LOiDLnLnLnLO 


• 03UU 


t> 










:z;WH 


w 




oooooo 




OOOOOO 


OSHX 


« 




EHHEHEHEHH 




HHHHHEh 


HWCSU 












EH tOH 


w 




oooooo 




OOOOOO 




s 




C5 C5 O CJD CJ C5 




CJCJOCi)CjU 


H55WI3 


H 










OHS 


H 










SWHH 


' — ' 










SCQ rtj 


S 




oooooo 




oooooo 


O S 


s 




rOvOCTkCNiOoO 




mvOOCNLOX 


UC/^UW 


o 




r— T— r— 




r— r— f— 


CCJHS 


u 










HWSH 


II 




HHHHent-i 




HE-IHHHEh 


•<035H 


VO 




Hll-Jl-lHlf-lK-; ID 




hhhhhh 




So 










WHSpq 


COO 




r— 






s«us 


^r- 




222222 




222222 


WHDH 


lo in 




OOOOOO O 




OOOOOO 


u u 


1*UC3- 




UUUUUU H 




UUUUUU 


««CQ 


COH 




sosxss 




XX2XXX 




o 




HHEhHHH O 




HHHHHH 


WHH 


=roH 




CJ 


• 




EHCO S 


so 


• 




O 




<;mWH 


CO o 


o 


QQQOQQ2^ 


00 


Qcinoao 


H^OHEh 


^^CJD 


00 


2222220 # 


ir- 


222222 


-D?25{rip5- 


rn 


r- 


<<x;rt;<«a:<c:Ho 




rtj (cq icq c kc 


S<r^W 






• • • t • •HCO 


1 




MWMffi 


UJM • 


1 








C/)H« 


HrIO 




OOOOOOH • 


2 


OOOOOO 


• 


CN>CO 


2 


rovoo^C'jmn w 


O 


r0v£>O^(NiT) 


w«>o 


SWf- 


o 


T-f-SCJ 


U 


T— r— 


«w w 


cos • 


u 




X 




03:WH 


^ •Ptq 


X 


wwwwwwo 


H 


WWWWPqw 


QOS^ 


f-HCO 


H 


rsotJUfJtJUB 




U CJ CJCD O CJ 


wa<HW 


SC5 • 




• f • f f t o 


II P: 




U S 


CO • 


11 W WUvO 


O 


1 OOOT-T-ov0f-OO«— 


owrow 




02222S2COS::3-22;2S222S 



M5HHH tPqWO^z:2;OOOOOOHHT-OHOOOOOO II II H II II II O II H II II 
OC/^rtSCJ OHUUUUUU3^ UHUUUUUU H 

H^25S^5rDHOOUHXXX3:XXU:p^OX«XOXXOX^CNrO:3*Lnv£) T-(Nfn^ 
C/^OUHHWHHHPC::3HHHHHHUHHHUHHHHHH3:»^p:pc;;s;3:o;^p:'^;^ 
HSU UW''-^ — ^ i/icntncoc/^cnuc/^tnLQc/^ 

WHXCOWUHHO UPmPhIxhFuPxhP^H O p^p^p^fi^fi^pu, 

HCOHHWOHHC:) HHHHHMU0UU)^HHMHHH0 r- 

P5 iovi3 o in ui 

■fr -fr *•«'•»■ O za-cd- *T- r-r- 



79 



• tO t • » • t to t t • t t »0 I t I • • to • • • • • tMM 

O O V£> r-o oo Or- VO o o O o r- VO o ^ OO O woor- o O o CD P 5 

:s;o 

II II o II II II II II II o II II II II II II o II II II II II II o II II II II II II HP 

H H H H HW 

LO^ r-(Nfr)cTLnvO r-CN^^tOvO r-(Nr)^ir)vO CJ 

3:pccj3sps^pcpKr3;cj{st3cus3:CS3:OI^CStsi5:r^3:OC3;j:C=y6f3;sOU 

cn c/: o cn CO cn to cn o c/^ to t/) c /1 c/: o c/) c/^ C/ 1 C /1 c/^ u t /1 cn to C/ 1 cn u « 

CN rr) ^ U) op 

IT) u> IT) in vo^ 

w 



C/) 


u 

w 

s 

w 

> 

% 

p 

H W 




W- 


H S 




HUP3 


W 




P o 


H > 




HSfcHQ 


< % 




POW 


P rtj 




CO COSH 


H W 




<>: rt: 


S 




CJWW 


H W 




HHCCW 


p > 




U<HS 


IM % 




HP W 


CJ u 




WPOO 


X w 




wws 


w s 




WOMW 


w 


Of“ 


HHS 


W tP 


r-r- 


PCPH 


pp 




S CU 


p Wp 


CO 


<cwsco 


PHP 


HH 


SOH 


WPS 




SHUCJ 


u^w 


OO 


P ^ 


OHP 


CD CD 


OWPW t 


P« % 




wzhh;»4 






H PCD 


> W 


• t 


WSWPrtJ 


P S 


OO 


SPCOtOH 


PHW 


POVO 


<J5WP H 


0»<P 




COH OO 


HP % 


t • 


wpco> 


>*o P 


HH 


WQOp 


WHO 


HH 




PHCJO 


t t 


HO H 


>HPHPO 




hcohph phcn 


PP 



CO HHPHWP'^ IT) oo 

oiOKrtjfc-iOvo cju 



ppw #tort:EH HH 

w wo O EhH 
WD30HP :z;CC>OH 
a; ppnWCOHH n C3 t # • 
ppss:p^< cn o o pp 
QWOWO PWSS^CD 00 255^ 

WCOCJ®«PHH> ^ 

CJ P w £h rtj ^ t t 



O 


?-q 0«J«T-M • 


1 


0 0 


w 


PPPKWOHOJ2JHO 




oo 


w 


HHPPCJPS>>CO 


P 


ro 




WHH OO 


O 




CD 


H W PHOHP • 


o 


0 0 


P 


HW so^:cjw tw 


tn 


wrxq 


H 


HWOHOrtlSHLD 


H 


CDCD 


P 


PHP5H WCD • 




0 0 


O 


• *ct!f<WOPHP t 


II w 



PCOHE PWO ?3vO CDPP 
HPPHWOW2;WWO'^2:POO 
OOKCMOHm n^su ohucj 
WH> 0< PPHPOUHKP 
> WtnWWHPHHHP^^HH 
WWWHHH>OH' — 

WWB5PU W<OUPhWO CJWH 

hhh'«3^hwuommc:> hh 

W LOVO 



80 



o 



I 

w 

o 






cNro^a-LT) 

oooo 

HHEhH 

oooo 

oooo 



oooo 

cncNinoo 



tne-iHH 



? 25 : 2 ; 35 :z; 

oooo 

uucju 

occckm 

HHHH 



if) 

CN 

O 

H 



fn^a-tno^fN 

oooooo 

HEhHHHH 

oooooo 

oooooo 



oooooo 

rO^OCNlOcO 



HHHtHiHH 



oooooo 

<-^UUUUO 

cqKKocKx; 



W 

Q 



eg 

o 

o 



w 

Q 

CU 



\ 

nq 

o 

(N 



It 

ww 

bHQ 

oes 



tCJ 

tp> 



tH 

n 

u 



tH 

Q 

cq 



H 

i:q 

l-H 

Q 



U 

S 3 

M 



PQ 

SJ 

tH 



o 


t 


PQ 


PQ 


U 


U 


•< 


< 


>0 ^ ^ ^ 


t • 1 t 


o 




p 


Ps. 


P 


P 


P 


PO HP < 


QPQQIS^ 


00 


nOQQQpS 


s 




S 


S 


S 


LOp> 


JSSIZSZPSO t 


T— 


zs:z;s;25s w 


w 


W 


W 




P 


P •• tp OH 








WidJPQ 


PQCU 


PQPU 


PQP^ 


PU^ 


OOCPiP •» p 


• • • iHOO 


1 




PmP 


PH 


PP 


PP 


pp 


Hjd'inHKi: .s: « 


• • t •«;▼— 






1 saq 


1 3U24 


1 


1 3E::aLi 


1 *J2L5 


00 *^) p> *p^ 


OOOOH t 




OOOOOO ww 


MM 1*4 


WM-I 


PP 


pp 


PP 


S3 # 1 ^ tP»-v^ 


vOCTkCNinOW 


o 


ro\^ocNincj>> 


»^>> 


»**5> > 


w>> 


w>> 


u>> 


z: ^ %i s 


r-T-sO 


U 


T-t-p 




P 


p 


P 


p 


0 II II ^ 


• • t «£3 • 


D2 




= 1 1 


1 1 


s: 1 1 


S 1 1 


s 1 1 


P PUUP 


wwwwo 


H 


pqpqwpwwpq 


W 


w 


p 


P 


p 


SE-'S:>HP ^ 


OOOOCJI25 




oooc:)oo®fmcq 


PPP 


ppp 


ppra 


PPPQ 


ppm 


UHPr^ so 


f t t • o 


II w 




HHO 


' HHO 


' HHO 


HHO 


hhpp 


HHP % ^P 


pL-^uvi: 


1 O 


It >>00 II >>00 II >>00 II >>00 II >>00 II >>Ote 


ps:p ^sU>s 



^ J 23 J 25 J 25 CO tn js; ^ ^ ^ 3 ; la ;s; J 25 5250 

OOOOHHCNOHOOOOOOH II II OH II It OH II II OH II II OH II II OH II II HP 
CJUCJUCS'-' CJHCJUUUUUH HH Hpi^ HH HH HH HW 

Kr5tnx;u:pi40x::2;DqKaqaGffiKs:r-cN aq^cN e»-cn s^-cn et-cn et-cn^cj 
tHHHHUMHHOHfc-iHHHHH;3;sz;ow;z;5z:ow:3;;z;ow:z3;«OM-i;2;5z;opq5a:z:v^o 

-Q TqP»>0PQ>P»0pq>>0CQP**>0PQ>>0PQP*P>0« 

pnp^p^pt^H O P 

HMMMUOt:?^vt>MHMMMMO t- CN Pq O' U> OP 

o r- r* r- r- r- r- oojz: 

* CN (NCN w 



h 

W P*H ^ f> M ^ 

H DC ^ ^ 

CWWCOH % Mi^CQ 
W M ;S 5 P 
MH s: J2; M C W 
aJHHM«>MF>H 
^CiHHMHH 
W 
H 



81 



vO 



o* 


eh 


EH 


H 










3 










w 


pq 


pq 






% 


« 


« 


« 






in 


P4 


p;^ 


« 










D 


P 






« 


U 


U 


U 








w 




P3 






OJ 


o 


o 


o 




W 


tX4 


tH 


tH 


tH 


M 


CJ 




U(J 


OP4 


Oi«: 


W 


cjt 




sac 


SS 


sac 


pqs 


(US 


ro 


H 


H 


H 


CM 56 


OEh 


Oi 


U 






to 




« 






% 








pqpaen 


EHWWtH 


pqWH 


«WEH 


WpqEH 




toso 


stoso 


tnso 


oso 


oso 


CN 


<<Hh^ 






EHHh^ 


EHMhJ Oi 


OJ 


SHP^OffiSHPMOSHa^OOHA^QOHa^OO 


P3h^CU 


Ph(H >i7^U4 >iSS >hSS JmSEH 


tH 


tr»XI 


W tHXl 


W tHXW 


1 tHX^^tO 










»-qp 




r— 


M*^(JL||x4 




PMUlW 




W(i4|i4 (14 


0*SP4H0 


C>1 WtHU? 


WtiU? 


PQEHU? 


ptHa o 


pqt-ifOjDrt: 


pqrt;a»«35 




r<Pf=C 


rt:Pi*s; p 




hu^m 


m:^HUP4 




MUPM 


m 












w 



82 



U| 



21 

SI 

04| 



1-3 

Pm 

H 

a 

H 

CQ 

O 

u 



Pm 

Cm 

O 

EH 















« 


p 


P 


CJ 




















o 


o 


O 














CO 








H 


H 


H 


O 






• 






« 




Q 




o 


O 


O 


p 






• 






c 




P 




s 


s 


P 






• 


1 






w 


















HP 






CO 


o 








w 


p 


P 


p 




HO 


% 




\ 






« 




p 


p 


P 


O 


CJ 


PH 


o 


in 


Q 


p 




o 




H 


H 


H 


H 


P 




• 


ID 


C 


o 




cq«H 










H 


H 


CO 


r— 


» 


« 


H 




OOO 




Pm 


P 


Pm 




P 


OH 




H 


N 


H 




HHS 




O 


o 


O 


« 


U 


fL|P 


II 


H 


S 


U 




OO 










p 


H 


P3W 




to 


H 


P 




SSW 


W C005 


tn 


H 


H 


tH 


M 


HP • 


p 


H 


1 


Q 




P 


owoo 


p 


P 


P 




P 


POjPO 




M 


CM 


W 




WWH 


»«a:c:>ptH 




rt: 


rcj; 


CO 


CO 


MP PH 


% 




o 


« 




PP 


EnrtJHCO 


H 


H 


H 






HCOU> 


o 


s: 








HHP 


HHOHPPPCOCJCO^ 


p 


^co 


P H 


• 


»«SJ 




P 




O 


OH25C/10P 


1 P 1 


p 1 


M-l 


p 


tHc/iPrt: 


o 




p 


pas 


CO 


CmH 


>OHPHO<*^OHOCJ 


w 


tO 


fcr^UO 




C5 


oQPcq 


cq 


OOH 


>3;i<COU 


U 


CJ 


p 


Cmpo 


« P 


II 


O 


H<3HH 




P 


W P3H 




P P 


p 


«-» JH 


pqp 


PQPCO 




» 


oo 


CO 


w 


HtH^ 


pwohcowhwhph 


W 




.<W H 


H 


H 


SPOPH 


o 


PPH 


pcoH ps*<S'«as^ 


'-TQ 


CH 


EH CO 


p 






<co 






Mrq cart:HHHPMMCi4 


d 


PP 


>Hrt:«a:EH 




H 


pqHO 


p 


HH25 


>WEhWPH 


H 


H 


P 


o< 


HH 


% 


Z3 




o 


PPO 


W>Z»-qH 




H H 


H 


HO 


«H 


.EhPHH 


o 


CO 


HH 


1 o 


H 


PPU 


?25 2;PWPhq 


MPHPh3PPPOH 


FmCO«PHUp 


f 


u 




PmH^ 


HSOO 


OO ppop«3cq'=aw^Poo 


H 


POW H« 


o 



I^CmOOC/ 1 UWUCJW HHQ Q3«WU«CJP:JU«MHWt/l«C0HEHaC^:srD 



OH 



s: HHCqODHt^Hcc3H«H«HHUHO!- 



C:2:«HU 



fH<s:OWWHHH 
s:«— VSHCJ I 

«1\ UUHCmISJ 



MOHCmPmWS 
I >OM4WOOP3 



«t/lHH 



oo s: I 

cn-^ H c/1 QC/3WWH CJUHWU»H-IPc3t3M4rDff;OUUS5C/3HOC/lS::iy rtj 
NSHHSicqSs W^mSSH cqcq^En OOHUHCJHU W CU r5S»-^ 

«03«»<«cjcc;cj CJ CJ ffSWEHrtJHC/lHCJ&qF^H'^ 
HHh 3 HMpq«W HWoicq«Wff;HHC/3P3t/l«^QO» Eh 

!< Q0SCq»^PM;2:H-30»~30H30QQHH2;W»-3 |2;OC/lO 

«Oi-3h^U W25h-300WPm&3CmWCm in OOC/lHf^HH 

NH«HHPmOO OCCH^r^H QCqocqo U Qii4Wu;« SCQ Oh-3 

»MOCmPmPm ^ HOUU« «C/1 OPdW C^tOWC/l WC/3WC/3 WOH WH WQHOW 

■ ■■ SHHH HCJCM2Cp:iP3«ff:«f«CCU Fm >C/lh-3W Cnffi 

) P3»CJ CSWOCOSS^CJHOHOHOCSWH PmM OHQWH 

CSq'-<SOOUHOOrt;WH^W H H H « ;> M j-3 O H H C/1 »< W « 

Q uu HHCo^^auncH OWHHUHW I cn i C/1 i cnouqnw wocqft^ % 

•--tHPiq ZCJOOHHWUW CmP3SF1j C/)U | H I H I HH«CJQWWQ««0:2:i^ 
»-3W C/1 CqH25 CT) cn C/1 «0 SCO O OQHi-3 OH 

CHrt:HOOH« wP^WS3W«Ci:>cqcqcq>c/3rt-.-^..-«..^WWM5:HH?c: r^HO 

SH MHHFMpqWXO fflOOOCDOH WHCQrt;U<«3<00 U H <a;H>HU 

^:c/icmhhcj kcch wciqHH<t:rt:rt:.<53HPHcn^cc3CQ«cjo3»<»< h 3 c/ic/i own 

HJ250UUMC/1HH •^va:x: COHHHHC/1 HO»HO*HOOHHHH'^OHHHSOC/1P 

UJO MMP50 pt^hHtrJH W-IHMHHM«i/aH W M-l hH^H^-s-MO:: U U^-l 
Z3UWP5WHOHHOH HC/lUOUOC/n^WpHWpqWn:Wc;OWHMPH WCJHH 
O UCmCm UOO P3 rt:Zp>>p>>WH«-»->4-> + ?>>P*HPCnH C/1D5HP2: 
cjfM^z; cqCQ <w I I t/i^; p^tn »^Hrt:Hrt:M ^cqcju | h<C WD 

S^C/IC/IOH^^WS; I I »<Cm«c« 05«ff;ccj>HfcH>2;H2; I 25 C/IPP 

WCqHOPO>HHHM +HHHHH II HCQSn 

0 cnoou HHOh pppp PON N N ><l«OOC/lK 

OlfcqMUU^^i-3««WHr^ «WpppPOHH^n<P<5PPPO><JCnOH«25H H 
pHCJCOcncnM^pqcqsccd *-t>PPPocqrt5PP:z:p:25HpoPPi^W PcnPHHCqo 
O^WHH>H:2525HHN«NHC/lCnc/lC/l^C/lU ^ < ^inin I H CJPPOP 

Hm«>> OHH U<N^H++^I 
I H I HPDPH II II 

1 I I I I 1 III II II 

I t I I I III I IMMI t-CN 

HI PI PPQ2;25 



II II 



H 



lT) 

r— 

O 

O 

o 



s: 

PQ 



in 



H 

U4 



II 


II 


II 


-I- ^ 1 II 1 PP 5s«HM 
1 HOWHH CO 


H 


p 


P 


P 


II II PHPMPPPH 


HP 


«: 


rt; 


<c 


XSSCOH IHUrt: 




H 


H 


H 


HP=«aHHPH HPP 


MH 


W 


CJ 


rt: 


HHOfc*H25HHPCJHCO 


HC/3 




H 


CJ 


>p»pOfcH ^p>UHUCO^ 


MP 

PO 


* ^ 


•W' * 


* * 




HU 



83 



CO 



sPrq 

• O 



\o • 










CN 






CTir- 










\ 






LO'— 
















^ II 








»<PQU 








CN II 








sss 


U 






EH 








HhH 


s 






LOh-lO 










3H 






r-HU 








% % % 


0C3'-’ 






P5 








PmPmPM 


3cn 






T— % 








S3SSJ 


eh pq 






•o % 








pqpqp<^ 


c 












HH 


>>> 


p« 






r-cN 






<3 










II «o 






mm 


;s;3KL0 


H 






(N t 






w» 








#-N 


H 






+ -f 


MHMO 


spq 




H 


04 II II 








cotnentH 






04 


EH 






p«tt: 


•► + tn 


WH 




N 










rtSpQUrtJCQUEHEHEHH 




CN 




cNWcn 






\N 


mhh^ssqgqco 


ctq 




sc • 






o • 




% «. MHMHrtJPQUPs: 


sm 


HH 


3:0 


% 




•o 


hh" 


rorom HHH*< 




^ wa, 




•VO ^ 








«• % w^p^PPK 


o 


PQCN\ 


o»- 




tH 


"-*'Pl4 




^ <• %000* •«• •«• tH 


tH-^ 


N«; • 


• 


o • 


«; 


M4W 




OOO • • •C<;»«a3 c/3 




o 


0 


II O 


in 


WEHCQWKI 


• • .ooOH^ifr^^-^cnP^ 


LH^ 


tr-ro\ 




• II CNCN 




(HMM>> I + 


+ + toOrt:pqmpqUP 0 2 ;<j 




PQi-? 



* ^ -f 

* * 

rtjo 

PQ« iO 

NN \ • 

N\ O 

cQn c ^11 



(A > 
* 

^ I 
o 
o 



CQ 

II EH 

r-i-^ > 

O 

• ww II cn I 

OEHH II II nm fcH u II 

WWtH II II II OIUM II 

II sswi^oi II II n4*<s:i^pq 

r-CN(T) 3 :M^*<MH 

ag P 5 ^J^l/ ] W Q r- 3 104 ^ ^ tH ;zj ;> p> 

tn 

Q 



^-wwi>>>,.>,,..^0O>H>H>HWsEH''-r:> CMU:crirt:H 

I -f^CNL0i-4h-qHHHM<JJ*<CP=iM > P> >«H« « CJ5EHC0 

:z;S;EHP^CMfi<pci««««tfUO I I I P5*-' * S-M-ChWw 

PHPQHH^zMh^H^WWW' I I I VDtA^ PM?r:Cs 

* * f«|iH Pm Pm CJPQ r-,^3: ehEhH 

fOH>>'-^pc;pqpqW ^JPOUCOP^^H CHPQHU II He 

«w«p«ii II II s:sswcu>>>P>>>ijq^--^tHw II 

II II II II HHHOs: O M « p:; II 

II U II II lIMfcHEH CCW II II II II II II II 2CS ^sqo:z; 

▼-fNajCD «Q«II II II fcHM « II II 

Z»230Pi^OCPQU'*^PQU M r-CNro^lD'^WEH CN «P523PqQU 

MHMCUJZ3wac2:5CHMH<qpQuoocxoiO»o<o*OP>?SE;2:acEg:wrcKK 
p»p»p»-MMMMMM«M«OP>>P*2;;>P»P-P>?»p>i«x;MtHtH;^*^PSP»feHtHtH 



II II II 






84 



to 

m 

fj:* 

O 

H 

O 

S 

W 

33 

H 

O 

35 

H 

to 

p:: 

> 

W 

« 

o 

p"-* 

s: 

CO 

H 

35 

*=J1 

ffi 

u 

w 

s 

w 



o > 

o o Q 

• « SU 

^4^ wc:) 



coQ 


»«3 

0 

HU 


U 




WH 


WH 


Q H 




H»43 


QW 


252: 0 


• 


QC« 


oa 


o.«3:wo 


• 


0^ 


S3 


H 33H 


• 


WO 


to 


HHtH 




Q 


wo 


Uto u 


z 


Z 


02 : 


,<rt:a2: 


0 


00 


HH 


UMH 


u 


VOH 


Q 


W X 


X 


rntn 


(0 2; 


XP5WU 


H 




WH 


Hi^PuH 




HH 


Q3K 


XOH 


H 


030 


H 


C0P5 1:5 


H 


WS 


>W 


WOQCO 


0 


>H 


OH 


t-iww 


> 


wen 


oac 


XW 


II 




QH 


HWCJ33 


VO 


P3W 


p:; 


OXtr»H 


3S 


wo 


HOi 


XHH 


t/i 


HH 


HO 


H 35rr: 




H 


p:3 


coxcou 


to 



<30 


*04 


H H 


H 


HOi 


CO XX 


0 


toe 


HWOI3S 


H 


P3 


X W 


OC 


HW 


HOQX 


HH 




ro WO 


Z 


H 


W XISX 


HW 




to ^OHO 


COS 


• 0 


• 0 OX 


f 


COH2;o ZP1X 


XQ21 


W 


OP5XOWH 



H3:0 
OH 
cqfeEH 
H U 
fqio»< 



10WH33O a 
OOHH QWW 

0 |(«a 5 rtJ r-W H 
C«HH^ atJDCQ 
DH^ 3 Wt 0 p:iSi*aJ 
Q 4 OSCOHOHH 



WHHHOHOO 
co»*s;hw t t t 
WMt/JtOO I 0»- 
p 5 (jow^ Vi; 



cs 

Ui 

CT 

ts 

CO 

% 

ro 

3 : 

to 

(N 

cz 

CO 





X 




H 00 




>S WHWX 


to 






s 




xcozw 


0 


H OC0> X<3 








H 


H 


»<hhq 


=t 


cxuwwo > 


m 






CO 


H 


p>qqiOX 




cejw HHZCO 


w 


in 






% 


HZH 


u 


W04WP4 MWW 


CO 


cr 




<J 


s 


W W ^ 


H 


P>OCO<UWOX 


% 




cn 




H 


X tou 




fxqXHHHPQHH 


CN 


0 


t— 


CO 


%o 


H # <3 


0 


C 0 XC 2 :XU to 


W 


H 


VO 


w 


Zr- 


zzw 


0 


X<3OC0HC0 


to 




0 


Q 


H 


(000*0 




COWU>HXtOH 




0 


r- 


H 


>0 


hhh^ 


co^ 


WXO 0^23 




0 



>EHHWOtOrtj 2 : w 

p:; CJP3H:2;«0 to 

pgcijpcitn HbHtj ^ 

CO^W 'iPCO M (J 



Or-(Nro^in 

iDtntntntntn 

000000 

HHEhHHEh 

cooooo 

ooci 3 c 5 c:)o 



000000 

rOvOCTvfNtncO 






000000 

UUOUOU 



OQOOOQ 
rtj kC << «C »«a3 



000000 



■«• 




Q H 


H 


xxxmcDro -h 


MHlOP= XH 


H 


X 


z 


rovDcncNin 






W 




H 


W II W t 


WHZH^HW 




r* 


0 


r— T— 




S 


X 


WO 




CdHQH* QHU 


XHXW UZ 


X 


f 


u 






H 


n 


II t 1 




oczto Xh4<3 


oxocoowo • 


M 


W 


X 


wwwwww 


oto 




Q 


r-O 




QU<3XUH .W 


QXU 03WXW 




0 


H 


000000 


WO 


* 


W 


tsinxww 


WH X<3 HOWW 


W<3 HXW to 


<3 


• 




t • t t t t 


tZX 




UZHHHr- 


HXX 


USOE^W||tO OX 


U tOHHWtOC 


H, 




n w 


OHH 


S 


00 H 


ZQ 


0<3Z »0 X II ZO 


OWW wu 


OZVO 


OZZZZZZ 





3 : WMTxq t II o n HQ 

aifcrl «35 H E-IW 

II UOH^ t-zcj 
COHQP>»OJ 2300 

fs: rCHCJH H 

HWOM OU)M 

W 

•«■■«• Q pq 



QKHPq tnnc HQ 
QOKPc; II COt-lUtHW 
WUO «'^^35U 
C/JStHQt^lCGH^^UU 
H HM^tHHHOUQ 
xh:xcj h 

HUC/3U OQ 

P5 ar;z; 

*■«■■«• 04 



WObH 
Q rtJQCsHrtJCC 
coH 3 :to*«s;QW 
CQ«PO fCOH 
H»<5:UQ 23fcH 
XWHHZPmH*^ 
H«C/'JtO»«* 3 CJU 3 H 

■«•■«••«■■«••«■■«•*•«• 



WWO^:tJ25:23OOO0OO II II II 

QJZJCJ OHUUUUUUII II II 
OHrnouE-iccKa^cncnpc 

Q tHtrifr:;2;tHHtnHtHH'=CPJtJwpqpg 

W tHQ'— VHHMCQCOCO 

CJtOpxnO CJPt 4 pH(x^PupHH 
OUMO MMMMMMO 

WPI 4 tnv£) in 

04 H 



85 



iniD 

ow 

• • • 0 • 0 • • • 

OOO^f-O'0HHO«-OO 



ui o cno OCO 

o w OW WO 

• 0 • • 0Op4 00000II0 0 O 0CXiS 000I0000 0O^P-i • • 

OO^OOv0HOH«-<-O«-OOOOf-'^OHHO^OOOf-OOf-vDHHOO 



li It II II II II O II II It II II II It II II O II II It II II II II II II O II II II II II II II It II O II 

H II II II Hll II II H H II II tH It II II 

f-cN<^^cNfncnn^£) r~ 

;s p: 3E ;jc pc o w U W W W ^ pc ts PE IXCJ W U W W W tSK » p: pc {s;s o WCJ w W W ;3C 3 : pc U 5 3 : U W 

cncnw wwcoe)MHHWc/jcocncnwwcmooHHHWcnwc/ic/HnwwwoHHMWuicncnwcmowwoMHHco 



LO 



CN 

in 



D ^ 

in ui 



86 



S’ 

o 

o 

o 



II 



o tn 

w o 

^ • C 1 | 

• • • f • « • •OHOH •##••••# «OWW 

OOt— O r-OO^O'sDC 3 0 c; 

zo 

II II II II II II II II O II II II II II II II II II OHQ 

H II II II t-«tHW 

CN^^T-CNn^LDvo T-CNro^CNfn^d-invo zu 

WWpetsy:;xpspcu*«:wUWWWts;^;s IS 3:13:000 

cnt/^iou^cnc/^cncy^oHHMc/ic/^cnt/^cntocncnc/ioow 

Pu 

U) OM 

w 



1-1 

w 

Q 




«« 


o» 


pm:s 


> 


04 

% 


% 




in 


1 U 


OJ 


ws 


> 


OH 

zr 




• % 


:3’ 


CJ 


OJ 


II > 


?=>- 


SH % 




WHpq 


r) 


HQs: 


oi 


WE^HW> 



>nrD u 
mo ^ 

00 o> 

H=r %> 

uo»« 3 ; 

s 

HOO 
U II H> 

Q sCQ 
23 »<H ^ 
UH>mW£H 
HH :z 5 s:o 
tn:zi 04 

rtJHSPCHPUQO 
WP^ 3 :t-l ?h:z:H 
H fc-»f*<wm 



WHW 


P 4 


HHSHOQHO 


0 


» 4 HH«»<qOrt 3 


0 


UitriHHHOH 


M 


W 


125 


H 


W 



87 







t 


ou 




i 


H!z; 


• 


• 


cnH 


HO 




HW 


HO 


% 


cncj 


HH 


o 


2;H 




f 




cn 




asst 


OH 




Hcn 


«W 


II 


cnw 


W« t 


K 


OK 


Oip^ Q 




ut-* 


oow 






cnu> 


O 


KX 


H 


t 


^cq 


05cnK«; 


o 




HrfSU® 






M O 


II 


<JW 


KQKCn 




HH 


HH H 


H -::f 


cnH 


Hcn 


O + 


KO 


Qrt:<H 


,-jy 


Hcn 


KW K 


^ #o 


H 


rt3«WW 


O VO • 


QK 


HU« 


t 


KO 


H H« 


ou*)'-' 


^U 


HWOO 


VO II 




H«HU 


ll«NII 


u« 


K»<5 


C7^ H 


HO 


M KH 


HLOHK 


OH 


QWH< 


K^HU 


oo 


KO H 


^ K 


Hs: 


wocno 


V ^ 




o^rtSHH 


m tO % 


ou 


WOH 




KQ 


QHOW 


o r^cN 


H 


K cnK 


o II to 


Kcn 


MQHH 


O CN t 


ucn 


WP5 


tH 


HW 


«Oi ^ 


OK II II 


HH 


WOZH 


H 


OK 


HHOH 


II ^<5 


cncncn 


CWHO 


(NKCn 


H o 


W>HU 


« 


KpqK 


KWH 




HKW 


HQcnQ 


tvo ^ 


H 


OH 




1 ^ 


tHOHK 


cn o t 


1 cn 1 


WKHKK 


i II o 


WPm «<1 wk 


in t II 


!z:hok cno^H 


f-K 


1 


QCnKO 


K II H 



>H^j3WCJOCnW 

MOOU5 z;h ^ 
cnSHOMHWO 

;s;cnrt:pi<apqHH 

U H HH cn 

M|-^CDU36«W 

viwacM tHUrt 

wQs:c5ri:?»s 

pao^OKOHcn 

;>SUHfcriUVJ«J 

*****-««** 



o • 
#o 





(Net VO 
OOOI 
KKK 

4- -f 
t-mm 

OOOI 

KKK 






^rnm 

0*001 




HHHHHH 


KKK 




i< rtj rtj »«33 rtj <3 


* * 




cncncncncncn 


CNCNCN 




Q4KKKKK 


ZKK 

MHH 




HHHHHH 

OPODOO 

uuuuuu 

HHKHkKKK 


•f 4- 4* 




o??to 


<*=a;<cn 




ooo 


CCJKCCH 


>>HHHHHH 


KKKCn-W- * 41- K 


POPPPP 


+ + + CJJCNCNCNW 



\ ^uuuuuu 

LU 

ss ^ ^ ^ % 



T-minw" 



— w 



II < 

^cn 

u:o 
o«»^ 

&-• tWW 

wwh-i 
hh II ss:wpi4ai II 
fcHcn 

?son»<<o 

HU OiHs; 




0»0 C«h 1 W\P3 
^25 » s U 

pqHPQWW^CNfn:d*inv^rt\Wfxqmu»< <WU -f 
EHCnHP*>r5:5:ts:3E5::2W<vj:^vOW>>>UJU<CQcn 

cn > cncncntn^cnQOioioics pqHHHH<^ 

* I I I I H 

* I Ds:2CS3:e:pe>* ** W | | \ 

o pMPQcncncncncncnH»-^^fQj2:»^H H\ 
o #pMHH 5 z:l 2 ;a 552 ;SQ 5 :;: 3 S rtJCQU^CQU^^cn^ 



H 
«3 

cn 

« 

HW r3:o 
CQ PQ W t o 

+ W O tOHP>>UUUUUU MHHCn>>>O^CQUSH 

< rtj II OC^> 

SH»r)H II n I II II U ss H uil 

PQ H U II II II II II II II II II II II M II II II > II II II 

II II lIcnUMII ^(N H « H HC3 

II wrt:sP^rciz«53^(Nm::ru-)voH!3;2;sc£:«U'<;« 

f-CNmrCH^HHMHHOIOIOOIOIOIO^fQUni^rqUSSf^WUHtH 

M4«;«3'<J3fc-i'^;23P>P>P>P>P*WH«M:«WWP>p»p»p»UMMMMMMMtH»«a; 

rH 

Q -W* •«•**«■ 



88 



EQ 1 *EQ 2 /(SC 1 + EQ 2 ) ) 
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THIS PROCEDURE SERVES SEVERAL PURPOSES. FIRSl, IT PROVIDES THE MODEL 
MEANS OF APPLYING THE PROPER VOLTAGE TO THE APPROPRIATE WINDINGS WHICH 
SIMULATES COUNTERCLOCKWISE COMMUTATION. 
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PROCEDURE PROVIDES A SIMPLE ilECHANISIl FOR FEVIRSING 
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